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SUMMARY 
Supercapacitors (SCs) have attracted tremendous attention as clean and sustainable 
energy storage sources in recent years. Graphene, as an atom-thick carbon form, has been 
considered as a promising electrode material for SCs due to its outstanding electrical 
conductivity, high surface area, chemical stability and mechanical flexibility. For scalable 
and cost effective production of graphene, reduced graphene oxide (rGO) is prepared by 
reduction of graphene oxide (GO). However, the reduction process can induce the 
restacking of graphene layers, which decreases the effective surface area and porosity for 
ion diffusion and storage. This dissertation aims to solve this problem through chemical 
functionalization of graphene and provide an in-depth understanding on the structure-
property relationship of graphene-based electrodes.  
The first part of this dissertation introduces the utilization of designed “molecular 
spacers” to create 3D graphene covalent organic frameworks. Taking advantage of the 
diverse functionalities on GO surface, multifunctional “molecular spacers” were selected 
to react with GO to form covalent bonds followed by the reduction to tune the interlayer 
spacing and specific surface area (SSA) of graphene at molecular level. The negligible 
structural change before and after GO reduction demonstrates the effectiveness and 
stability of the “molecular spacers”. The use of aliphatic molecules serves to reveal SSA-
dependent double layer (EDL) capacitance, and the use of organic and ionic liquid 
electrolytes dramatically increases the energy density of the electrodes. The interlayer 
spacing and the band gap energies of the functionalized graphene network were predicted 
using theoretical models complementary to the experimental results.  
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Organic pseudocapacitive materials, such as aromatic structures with nitrogen-
containing groups, have also been incorporated into graphene networks to from larger 
conjugated networks with enhanced conductivity and pronounced redox charge transfer 
characteristics. The chemical reaction mechanism and the evidence of crosslinked 
graphene structures were further elucidated by thermal and rheological analyses. The 
systematic investigation on various conjugated graphene networks suggested that the 
physical structures and redox transitions are two critical factors affecting the 
electrochemical properties of the electrodes. Molecular dynamic (MD) and density 
function theory (DFT) calculations were performed to verify the experimental findings.   
From material design to device fabrication, this dissertation also describes the 
development of micro-supercapacitors (MSCs), as miniaturized energy storage units, with 
excellent electrical and mechanical compatibilities. An aqueous dispersible 
graphene/sulfonated polyaniline (rG/SP) composite was synthesized and adopted as micro-
electrode by direct thin film deposition. The high-resolution interdigitated patterns were 
created by well-controlled shadow masking and plasma etching processes. The in-plane 
design of interdigitated patterns and the highly conductive electrodes with porous edges 
greatly facilitated the ionic diffusion, leading to an ultrafast charge/discharge process 
within milliseconds.  The as-fabricated MSC device presented a comparable energy density 
with thin film batteries and comparable power density with electrolytic capacitors. The 
design of the MSC architecture can be further extended to make flexible or even foldable 
MSC arrays with tunable operation potential window and much higher areal capacitance.  
Moreover, polymer binder is an essential component to fabricate thin film 
electrodes. The effect of polymer binders on graphene-based free-standing electrodes were 
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discussed. Several quality metrics of the electrodes, including adhesion, hydrophilicity, 
conductivity, flexibility, and toxicity have been considered for the binder evaluation. The 
formulated graphene films with high conductivity and good electrolyte wettability 
generally rendered high capacitance, high power delivery, fast frequency response, and 
excellent cycling stability.
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CHAPTER 1. INTRODUCTION  
1.1 Overview of Supercapacitors 
The increasing energy consumption and the reduction in fossil fuels have driven 
the development of sustainable energy technologies. Recently, we have witnessed rapid 
growth of energy production from wind and solar radiation, as well as the emergence of 
electric, hybrid, and low-emission vehicles [1]. One issue for these renewable energy 
sources is that they generate electricity in an intermittent manner. Therefore, efficient and 
reliable energy storage systems are required to provide long-term energy at any time of the 
day. Currently, batteries and electrochemical capacitors are two forefront technologies for 
energy storage [2, 3]. Typically, batteries can offer high energy density, but they suffer 
from low power density and they can take hours to be recharged.  For example, lithium 
ions batteries rely on the intercalation of Li ions to enable redox reactions in bulk electrode 
materials, which is a diffusion controlled process and can be slow [4]. For higher power 
delivery, electrochemical capacitors (ECs), also known as supercapacitors (SCs), have 
been developed as an alternative energy storage solution [5]. Rather than chemical 
reactions, supercapacitors rely on physical charge storage process to achieve faster 
charge/discharge rates, longer cycle life, more efficient and environmentally friendly 
operations.   
1.1.1 Energy storage mechanism  
Supercapacitors can be classified into electrical double layer capacitors (EDLCs) 
and pseudocapacitors depending on the charge storage mechanism [6]. EDLCs store energy 
via reversible adsorption/desorption of electrolyte ions onto the surface of active electrode 
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materials. By applying bias to the electrodes, two layers of polarized ions are formed at the 
electrode/electrolyte interface, which is defined as the electrical double layer by Helmholtz 
in 1853 [7]. This model is in analogy to conventional parallel plate capacitor, in which the 






where 𝜀𝑟 is the electrolyte dielectric constant, 𝜀0 is the dielectric constant of the vacuum, 
d is the effective thickness of the double layer, and A is the electrode surface area. If d is 
sufficiently small compared to the other dimension, on the order of Debye length (0.3-0.8 






where 𝜀 is the dielectric constant of the medium (electrolyte).   The Helmholtz model 
predicted a differential capacitance about 5-20 µF/cm2, depending on the electrolyte used 
[9]. Based on Equation (1) and (2), the key factor to reach high capacitance is to select 
electrode materials with high surface area and porosity.  
The Helmholtz model was later refined by Gouy and Chapman [10, 11]. Their 
model proposed the presence of “diffuse layer” considering the fact that ion distribution in 
electrolyte solution should be continuous. The motion of ions in electrolyte is controlled 
by the synergistic effect of ionic diffusion due to concentration gradient and 
electromigration due to the electric field. One drawback for the Guoy-Chapman model is 
that they overestimated the electrical double layer (EDL) capacitance [12]. Since the 
  3 
capacitance increases dramatically with the decrease of charge separation distance, an 
unrealistic high capacitance will arise when the point charge ions are close to the electrode 
surface.  
In 1924, Stern combined the Helmholtz model with the Guoy-Chapman model to 
describe two distinctive regions of ion distribution, the Stern layer and the diffuse layer 
[13]. The Stern layer consist of specifically absorbed ions (covalent forces) and non-
specifically absorbed counter-ions (electrostatic forces). The inner Helmholtz plane (IHP) 
and outer Helmholtz plane (OHP) are used to distinguish two types of adsorbed ions [14]. 
Electrolyte ions are mostly hydrated, so a monolayer of solvent molecules exist between two 
layers of polarized ions, serving as IHP. The schematic illustration of electrical double 
layers structures for the aforementioned three models is shown in Figure 1.1.  
 
Figure 1.1 Schematic representation of electrical double layer structures according to (a) 
the Helmholtz model, (b) the Gouy-Chapman model, and (c) the Gouy-Chapman-Stern 
model. The double layer distance in the Helmholtz model and the Stern layer thickness 
are denoted by H while ψs is the potential at the electrode surface. Reprinted with 
permission from [14]. Copyright 2015, ECS.  
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Pseudocapacitors differ from EDLCs in that they utilize reversible Faradaic 
reactions (redox reactions) that take place at the active materials [15]. There are three types 
of Faradaic processes with electrochemical features: (1) underpotential deposition of 
metals, (2) surface redox reactions of transition metal oxides, or reversible electrochemical 
doping/dedoping in conducting polymers, and (3) ion intercalation without 
crystallographic phase change [16]. Materials that can undergo redox reactions include 
metal oxides/hydroxides, such as RuO2, MnO2, Co3O4, Ni(OH)2 and various electrically 
conducting polymers, such as polyaniline, polypyrrole, and  poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) [17-20]. The 
charge/discharge process involves the transition of charges across the double layers, 
resulting in the passage of Faradaic current through supercapacitor cells. Generally, 
pseudocapacitors exhibit far larger capacitance and energy density than carbon based 
EDLCs since the electrochemical processes occur at the surface as well as the bulk near 
surface of the electrode [2]. However, similar to batteries, pseudocapacitors relying on 
redox reactions have relatively lower power density and poor cycling stability. Hybrid 
capacitors, combining a supercapacitor electrode with a battery electrode, are also 
developed to possess the benefits of both capacitor and battery properties [21, 22].  
1.1.2 Capacitance, energy and power densities   
A conventional supercapacitor cell consists of two electrodes that are electrically 
isolated by a membrane as separator. Current collectors made of metal thin films, foils, 
foams, and carbon based templates are used to carry electrical current to the electrodes. 
The separator and electrodes are immersed into liquid or solid-state electrolyte to allow the 
ionic transport while prohibiting the current flow between two electrodes. As illustrated in 
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Figure 1.2, a typical SC cell can be considered as two capacitors (C1 and C2) connected in 










where Cn and Cp are the capacitance of C1 and C2. If the two electrodes are identical, 
namely, Cn = Cp = Cs (specific capacitance), the cell capacitance is half of the specific 
capacitance.  
 
Figure 1.2 Schematic representation of a supercapacitor cell. Reprinted with permission 
from [23]. Copyright 2014, John Wiley & Sons.  
Energy and power densities are another two critical parameters to evaluate the 
electrochemical performance of supercapacitors. The maximum energy (𝐸𝑚𝑎𝑥) and power 
density (𝑃𝑚𝑎𝑥) are calculated according to Equation (4) and (5)  

















where Q is the total stored charges, V is the operation voltage, which is controlled by the 
electrochemical stability of the electrolyte and electrode, and 𝑅𝑠 is the equivalent series 
resistance. It can be seen that 𝐶𝑐𝑒𝑙𝑙, V, and 𝑅𝑠 are three important variables, in which higher 
energy and power densities can be achieved by increasing  𝐶𝑐𝑒𝑙𝑙 and V while reducing 𝑅𝑠. 
Particularly, both energy and power densities are proportional to the square of voltage, thus 
the voltage increase plays a bigger role in raising energy and power densities.  
The Ragone plot, with the power density versus energy density, for various energy 
storage devices are presented in Figure 1.3. It can be seen that electrochemical capacitors 
fill the gap between batteries and electrolytic capacitors.  Due to the energy storage nature 
of the supercapacitors, they have high power density over 10 kW/kg, which make them 
fully charged or discharged in a seconds. However, for EDLCs, the charges are confined 
to the electrode surface, which limits their energy at around 5-10 Wh/kg. In contrast, the 
energy density is much higher for lead-acid (20-35 Wh/kg), Ni metal hydride (40-100 
Wh/kg), and lithium ion batteries (120-170 Wh/kg).  
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Figure 1.3 Ragone plots for different energy storage devices. Reprinted with permission 
from [1]. Copyright 2008, Macmillan Publishers Limited.   
1.1.3 Applications  
Supercapacitors have become an attractive power sources with high power density 
and exceptionally long cycle life. They show great potential for application when high 
power operation is demanded, including power buffer and saving units, as well as for 
energy recovery [24]. Specifically, supercapacitors are of great interest for electric 
vehicles, cameras, video recorders, mobile phones, laser tools featuring pulse power, 
uninterruptible power supplies, and energy storage from solar cells [25, 26]. For example, 
EDLCs have been widely used to perform power buffer and memory back-up functions in 
portable consumer electronic devices. As another example, the Airbus A380 jumbo jets 
utilizes EDLC technology to control the opening of emergency doors. The modules contain 
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an in series/parallel assembly of 100 F/2.7 V cells that are integrated into the doors to limit 
the use of heavy copper cables [1].  
The main market for the EDLC manufacturers for the next years is the 
transportation industry, such as hybrid electric vehicles, metro trains, and tram ways [27, 
28].  For automobiles, supercapacitors can be coupled with batteries to deliver high power 
during acceleration and recover the energy during braking. The increasing hybridization 
level in engines also serves to ensure smooth starting in cold weather and elongate battery 
life. It was reported that $205.9 million in revenue was generated for supercapacitor 
industry by 2014, and it is expected that the industry can further expand at an average of 
10.9% annual growth rate in next decades [29]. 
1.2 Materials for Supercapacitors 
The design and selection of materials, including electrodes, electrolytes, separators 
and current collectors, have a profound effect on the performance of SCs. While current 
collector and separator materials are significant to the internal and charge transport 
resistance, the focus of this study is on the development of electrode materials and 
evaluation of their electrochemical properties in different electrolytes.  
In order to achieve high capacitance for EDLCs, the key is to use materials with 
high specific surface area to store charges and high electrical conductivity to transfer 
charges. Carbon materials with graphitic structures, including activated carbon, carbon 
derived carbons, carbon nanotubes (CNTs), and graphene can well meet these requirements 
with high conductivity, high electrochemical stability, and open porosity [9]. Carbon 
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materials are also coupled with conducting polymers and metal oxides/hydroxides to form 
composite electrodes to boost capacitance and energy density [20, 30].   
1.2.1 Graphene  
1.2.1.1 Structures and properties of graphene  
Graphene is a monolayer of sp2 carbon atoms arranged into a 2D hexagonal lattice 
[31]. Graphene was first isolated into an atom-thick carbon form by Novoselov and co-
workers in 2004 [32]. Since then, graphene has gained increasing research interest due to 
outstanding structural, chemical, electronic, and mechanical properties. Intrinsic single 
layer graphene is a zero-gap semiconductor, and the electronic band structure of graphene 
results in both semiconducting and metallic characteristics [33]. The carrier mobility of 
graphene at room temperature is 1.5×104 V-1 s-1, and charges carriers can be modulated 
between electrons and holes [34]. By minimizing the impurity scattering, the intrinsic 
carrier mobility can be as high as 2×105 cm2 V-1 s-1 [35].  The electronic properties of 
graphene vary with the number of layers and the stacking order. In addition to the high 
conductivity, graphene has an ultrahigh theoretical specific surface area of 2630 m2 g-1, 
which makes it a promising candidate for electrochemical energy storage applications. 
Material properties of graphene and other forms of carbons are compared and summarized 
in Table 1.1.  
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Table 1.1 Materials properties of graphene and other carbon forms. Reproduced with 
permission from [36]. Copyright 2015, Macmillan Publishers Limited. 
 Graphene CNT Fullerene Graphite 
Dimensions 2 1 0 3 




High High High 





~1500 ~1300 80-90 ~10-20 
Electrical 









(W m-1 K-1) 





*a direction, †c direction 
Graphene also demonstrates excellent thermal conductivity of ~ 5000 W m-1 k-1, 
higher than the values measured for CNTs and diamonds [37]. The optical transmittance 
of graphene is ~97.7% [38]. Conductive and transparent graphene electrode can be a 
potential substitute for the expensive indium tin oxide (ITO) based electrodes in solar cells, 
displays, windows, and light emitting diodes.  The mechanical flexibility of graphene 
electrodes show great advantages over rigid structures in designing flexible, portable, and 
wearable electronics [39-41].  
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1.2.1.2 Preparation methods  
The methods for graphene synthesis play a critical role in determining the 
properties of the final product. Figure 1.4 shows the commonly adopted methods for 
graphene preparation [36]. The first approach to make graphene was achieved by a layer 
by layer technique using a scotch tape. Graphene layers were peeled off from a highly 
oriented pyrolytic graphite (HOPG), followed by the deposition on a silicon substrate using 
an organic solvent [32]. High quality graphene can be produced, but the yield and 
efficiency are low. Graphene can also be prepared by mechanical exfoliation, synthesis on 
SiC, and bottom-up approach through a total synthesis route from simple organic 
precursors [42]. However, the limited scalability and high cost constrains their widespread 
usage.  
Chemical vapour deposition (CVD) produces graphene via the pyrolysis of 
hydrocarbon compounds on the surface of a metal catalyst at high temperature [43]. There 
are two types of graphene formation mechanisms, the precipitation mechanism and the 
surface growth mechanism [44]. The first mechanism is applied to the metal catalyst with 
high solubility of carbons (e.g. Ni). At high temperatures, hydrocarbon decomposes into 
smaller species that diffuses into the metal catalyst. During cooling, carbon species 
precipitate from the metal surface, undergo a nucleation and growth process to form 
graphene.  For the second mechanism, a carbon precursor can absorb onto the surface of a 
metal catalyst (e.g. Cu), followed by the continuous nucleation and growth steps to from a 
large graphene domain. Although the CVD method has been well established, high 
production cost and low yield are not satisfactory for scalable production of graphene. In 
addition, the transfer of graphene from metal substrate is complicated and time consuming.  
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Figure 1.4 Schematic illustration of commonly adopted methods for graphene production. 
Several factors are considered for evaluation, including graphene quality (G), cost (C), 
scalability (S), purity (P), and yield (Y). Reprinted with permission from [36]. Copyright 
2015, Macmillan Publishers Limited. 
Solvent-assisted exfoliation is an effective method to prepare high quality graphene 
[45]. Graphite powders or expandable graphite are first dispersed in a suitable solvent to 
reduce the van der Waals interactions between graphene layers. Then a strong external 
power, such as ultrasonication, electric filed, or mechanical force, is imposed to fragment 
and exfoliate graphite into graphene sheets [36]. However, it remains a challenge for 
scalable production with reasonably low cost.  
Reduction of graphene oxide (GO) is considered as a large-scale and low cost 
method to produce graphene with high yield [46]. GO is an oxidized and defective form of 
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graphene with disruptive sp2 carbon network [47]. It is synthesized by strong oxidation of 
graphite, with subsequent dispersion and exfoliation in water or appropriate organic 
solvents [36]. During the oxidation process, many oxygen-containing functional groups are 
covalently bonded to graphene surface, including hydroxyl and epoxide groups on the basal 
plane, and smaller quantity of carboxyl and carbonyl group at the edges [48].  The presence 
of these functional groups provide obvious benefits for energy storage applications. First, 
GO containing rich polar oxygen functionalities are highly hydrophilic and can be well 
dispersed in water, which facilitates easy coating and processing of GO to make thin film 
electrodes by drop-casting, layer-by-layer assembly, and spin coating [49]. In addition, 
these reactive functional groups can serve as reaction sites for chemical modifications of 
GO, which can be used to anchor electroactive species via covalent bonds or non-covalent 
interactions for the design of graphene-based materials [39].    
GO must be reduced to restore the conjugated π network to be used as SC electrode 
materials [50].  Thermal, chemical and hydrothermal reduction are generally used methods 
for reduction of GO to produce reduced graphene oxide (rGO) [46]. Thermal reduction 
(thermal annealing) utilizes heat treatment to expand graphene layers. Upon dramatic 
increase of temperature (thermal shock), oxygen functional groups are decomposed into 
CO2 or CO that can generate large pressure to exfoliate the stacked graphene layers [51, 
52].  In addition to thermal annealing, thermal reduction can also be achieved via 
microwave or photo-irradiation at a shorter processing time [46, 53].  
Chemical reduction processes can be realized at room temperature or upon 
moderate heating. Hydrazine has been recognized as an efficient reducing agent for mass 
production of graphene. These chemically converted graphene can achieve good 
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conductivity with high C/O ratio, indicating a high reduction degree [54-56]. Sodium 
borohydride (NaBH4) and hydroiodic acid (HI), are also strong reducing agent that can be 
used for GO reduction [57, 58]. Hydrothermal process is considered to be another simple, 
low energy-consuming and environmentally friendly approach to produce graphene in bulk 
quantities because it typically operates at low temperatures (<200°C) and requires no 
hazardous reducing agents.[59, 60] In addition, by adjusting the reaction time and 
temperature,  the surface morphology and functionalities of the graphene nanostructure can 
be easily controlled.[61]  Due to the incomplete removal of oxygen function groups 
(external defects) and the presence of fragmented edges (intrinsic defects), only medium 
quality graphene can be produced using chemical/hydrothermal reduction methods. 
However, the high yield, mass-production capability, and low cost raises considerable 
interest for the manufacture of graphene for supercapacitors. Moreover, the effect of 
structural defects can be minimized via delicate design of graphene networks. In some 
cases, the external defects of graphene can also be utilized and tailored to contribute to the 
overall charge storage capability.  
1.2.1.3 Functionalization of graphene  
It was reported that the intrinsic capacitance of graphene reach 21 µF/cm2 (550 F/g) 
if the SSA of graphene (2630 m2/g) can be fully utilized [62]. However, graphene made 
from reduction of GO tends to be restacked due to the loss of oxygen functional groups 
and  van der Waals interaction between sheets.  Therefore, reduced graphene oxide needs 
to be functionalized to tune the chemical and electrical structures of graphene for better 
electrochemical performance.   
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Various methodologies have been proposed and explored for graphene 
functionalization, which can be classified into three aspects:  
(1) creating defect sites (e.g. pores) on graphene basal planes or edges; 
(2) constructing three-dimensional (3D) graphene framework by using designed 
templates or incorporating cross-linkers between two-dimensional (2D) sheets; 
(3) decorating graphene with nanoparticles, conducting polymers, and metal 
oxides/hydroxides, etc.   
These approaches serve to modify graphene properties from several perspectives, including 
creating open pores, enlarging SSA, utilizing reversible Faradaic reactions, and modulating 
the conductivity and band gap structures.  For example, activated graphene and holely 
graphene framework have been prepared by etching graphene with KOH and H2O2 
respectively [63, 64]. The formation of interconnected meso- and micropores dramatically 
increase the SSA while offering open channels for efficient ion transfer through the entire 
network. It was reported that a 3D graphene network was synthesized using vertically 
aligned CNT as pillars using a controlled CVD method [65]. The intercalation of CNT is 
effective to reduce the aggregation of rGO sheets and provide additional conductive 
pathways of graphene network.   
Generally speaking, the majority of graphene functionalization methodologies fall 
into the category of chemical functionalization. Typically, chemical functionalization can 
be achieved by covalent bonding or non-covalent interactions. The non-covalent 
interactions include van der Waals force, electrostatic interaction, hydrogen bonding, 
coordination bonding, and π-π interaction [66, 67].  For example, Wu et al. employed three 
types of surfactants, tetrabutylammonium hydroxide (TBAOH), cetyltrimethylammonium 
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bromide (CTAB), and sodium dodecylbenzene sulfonate (SDBS), to modify graphene for 
SC electrodes [68]. Specifically, the ammonium cations can interact with the negatively 
charged GO, and SDBS molecules with benzene ring can assembly on graphene surface 
via π-π stacking interactions. After the reduction, the surfactant-intercalated rGO 
electrodes, with structural stability and electrolyte wettability, achieved higher capacitance 
in both aqueous and ionic liquid electrolytes. Graphene has also been coupled with 
PEDOT:PSS, as an aqueous soluble and conducting polymer, via π-π stacking interactions 
to achieve high conductivity and capacity. The non-covalent interactions are relatively 
weak compared to covalent bonding [69]. They may trigger less defects to graphene 
network, but the limited structural stability may influence the long-term cycling 
performance of the electrode.  
Covalent functionalization of graphene has aroused intense attention since more 
durable graphene network are formed at the presence of stronger covalent bonds. Taking 
advantage of the diverse functional groups on GO, versatile synthetic chemistry can be 
designed using a variety of candidate molecules. For instance, carboxylic acids in GO can 
be converted to highly reactive acyl halide groups, which can lead to the formation of 
anhydrides, esters, or amides by corresponding condensation reactions [70]; epoxide 
groups can undergo ring-opening reactions using alcohols, thiols, amines, and other 
reagents as nucleophiles [71]; hydroxyl groups can react with isocyanate groups to form 
carbamate esters [72]. While most reactions take place via oxygen groups, covalent bonds 
can also be generated through spontaneous reaction of an aryl diazonium salt with carbon 
atoms on graphene at room temperature [73]. Due to the excellent solution processability 
of GO, the covalent functionalization is typically performed at the GO stage first followed 
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by the reduction and other treatments. Multi-step reactions can be carried out to control the 
covalent grating of specific molecules. In addition, graphene-based polymer 
nanocomposites are prepared by grafting a monomer unit on GO followed by the in-situ 
polymerization. In particular, various graphene/polyaniline nanostructures have been 
developed by different synthetic routes to demonstrate improved electrochemical 
properties [74, 75]. The selection of dopants, doping degree, and the loading ratios to 
graphene all influence the conductivity and the pseudocapacitive behavior of the composite 
electrodes [76, 77]. Furthermore, heteroatoms, such as boron (B), nitrogen (N), oxygen 
(O), and phosphorous (P) can be doped into graphene lattice at elevated temperature [78, 
79]. These dopants can tune the band gap structures of graphene to exhibit n-type or p-type 
behavior with modulated electrochemical activities.  Chemical functionalization can not 
only tune the surface chemistry of graphene, but also modify the physical geometries of 
the graphene framework.  Specifically, organic molecules with multi-functional groups can 
covalently bond to GO surface and crosslink between adjacent graphene sheets [80]. In this 
sense, these organic modifiers act as “spacers” to enlarge graphene interlayer spacing and 
create 3D graphene covalent organic frameworks (COFs).  
1.2.2 Electrolytes  
Electrolyte is an essential components in SC to provide sources of cations and 
anions. The requirements for electrolytes includes high ionic conductivity, fast ionic 
transfer, wide potential window, high electrochemical stability, high purity, moderate 
viscosity, low volatility, and low toxicity. The electrolyte used for SC can be categorized 
into three groups: (a) aqueous electrolyte, (2) organic electrolyte, and (3) ionic liquid (IL) 
electrolyte.  
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Aqueous electrolytes can be acidic, basic and neutral, such as H2SO4, KOH, LiCl, 
Na2SO4, etc. These electrolytes have relatively high ionic conductivity and small ionic 
sizes, which can achieve higher specific capacitance compared to organic and IL 
electrolytes. The disadvantage of the aqueous electrolytes is their narrow potential window, 
typically lower than 1 V, which limit their capability for high energy output. Moving from 
aqueous to organic electrolyte increases the cell voltage to 2.5-2.7 V [1]. According to 
Equation 4, a higher operation voltage offers dramatically improved energy density. 
Acetonitrile (AN) and propylene carbonate (PC) are two widely used solvents. While AN 
generally shows higher solubility for organic salts, PC electrolyte are gaining increasing 
popularity because of lower flash point, lower toxicity, and wider operating temperature 
[81]. Commonly used organic salts include tetraethylammonium tetrafluoroborate 
(TEABF4), tetrabutylphosphonium tetrafluoroborate (TBPBF4), and 
triethylmethylammonium tetrafluoroborate (TEMABF4).  
Ionic liquids are solvent-free and liquid form of organic salts at room temperature. 
Their voltage window is solely dependent on the electrochemical stability of the ions [82]. 
The main cations for ILs are imidazolium, pyrrolidinium, and quaternary ammonium salts, 
while the anions are tetrafluoroborate, trifluoromethanesulfonate (triflate), 
bis(trifluoromethanesulfonyl)imide (TFSI), and hexafluorophosphate (PF6). The chemical 
structures of anions and cations in IL are illustrated in Figure 1.5. Although IL based SC 
device has demonstrated high working voltage (> 3V) and high energy density, the 
insufficient ionic conductivity at a practical working temperature range (-30 to 60°C) 
remains an issue [83].  By delicate design of cation and anion combinations, the ionic 
conductivity can be increased to 10-2 S/cm level with operating voltage over 4 V [84]. Apart 
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from the liquid electrolytes, solid-state gel electrolytes have been explored by 
incorporating polymer or fumed silica gels [85]. 
 
Figure 1.5 Chemical structures of cations and anions of ILs.  
1.2.3 Binders and other additives  
Electrode materials must be fabricated into free-standing thin films or cast 
uniformly onto current collectors to be used as SC electrodes. A high performance 
electrodes must have high capacitance, low internal and low contact resistance with current 
collectors, good wettability by electrolyte ions, low electroactive impurity, good chemical 
and mechanical stability. In this sense, electrode powders must be closely and neatly 
packed together to reduce the contact resistance and improve the density of the electrodes. 
Polymer binders are used in this regard to provide excellent mechanical integrity with 
strong bonding between particles as well as good adhesion to current collectors. Polymer 
binders are chemically and electrochemically inert, and they are used in small amount for 
effective bonding while not disrupting the porosity of the active electrode materials [86]. 
While most polymer binders are electrically insulating, conducting polymer binders have 
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been developed with improved conductivity and adhesion strength. The addition of 
polymer binders with specific functional groups can also tune the surface energy of the 
electrode, thus affecting the electrode wetting and the accessibility of electrolyte ions [87].  
Processing methods for binder-free electrodes have also been reported in literature [88]. In 
addition to polymer binders, various conductive additives have been investigated to 
optimize the electrode formulation. The most frequently used conductive additives belong 
to the family of carbon black (CB) with widely accepted amount about 5 wt% [89]. The 
typical particle size of CB is between 30-50 nm with a SSA below 100 m2 g-1. In some 
case, graphite is also used for conductivity or lubrication purpose.  
1.3 Micro-Supercapacitors 
1.3.1 Design merits 
The rapid growth of portable electronics, such as biomedical sensors, remote 
control systems, radio frequency detectors, and microelectromechanical systems (MEMS), 
have significantly increased the need for miniaturized energy storage units [90-92]. These 
smaller-scale energy storage units have become particularly essential in many self-powered 
systems, where the power supply from an external source is not easily accessible [93]. 
Currently, microbatteries have been mostly used as miniaturized power sources. However, 
problems with microbatteries include limited power supply, short working lifetime, and 
toxicity, which hinder their application in many areas [94]. As a novel type of micro/nano-
scale supercapacitors, a micro-supercapacitor (MSC) has been developed [95, 96]. Unlike 
conventional sandwich-typed supercapacitors, MSCs typically adopt a 2D planar 
configuration with interdigitally patterned electrodes and exhibit comparable energy 
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density with lithium thin film battery and comparable power density with electrolytic 
capacitor (Figure 1.6).  
 
Figure 1.6 Ragone plots for various micro-devices for energy storage. Reprinted with 
permission from [85]. Copyright 2010, Macmillan Publishers Limited.   
It was defined by Gogotsi et al. that the footprint of the MSC is generally in the 
millimeter or centimeter scale, consisting of micrometer scale thin film electrodes with 
thickness less than 10 µm [97]. Having the in-plane electrode structure has obvious 
technical advantages over the conventional sandwich structure (Figure 1.7). First, the mean 
ionic diffusion length is significantly reduced when the micro-scale electrode patterns (tens 
to a few hundred micrometers) are in the same plane, in which the electrolyte ions can 
easily transfer in the parallel direction of the electrode layers. The interdigitated fingers of 
microelectrodes offer large amount of open edges for the electrolyte ions to diffuse into the 
inner areas of the electrodes, which greatly enhances the utilization of the electrode surface 
area. By reducing the width of the microelectrodes and gap spacing, the diffusion pathway 
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of the electrolyte ions can be further shortened, resulting in larger power densities and 
faster frequency response. In the case of a sandwich structure, the electrolyte ions have to 
diffuse through the depth of each electrode film (~100 µm in thickness) and the separator 
(e.g. 250 µm, glass microfiber), which elongate the ionic diffusion pathway. In addition, 
the ionic transport perpendicular to electrode film can also be interrupted due to the stacked 
electrode structure, leading to poor capacitive properties. Second, the planar design enables 
the integration of MSC on various substrates for practical applications. For example, MSCs 
show great potential to be coupled with complementary metal-oxide semiconductor 
(CMOS) or MEMS on chip, and the functional chips can be further packaged into self-
powered systems as sensors. Since the weight of the electrodes is small in MSCs, the areal 
or volumetric stack capacitance, rather than gravimetric capacitance, is more frequently 
used to evaluate the electrochemical performance [98]. 
 
Figure 1.7 Schematic illustration of the supercapacitors in sandwich and interdigitated 
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1.3.2 Fabrication processes  
Advanced semiconductor fabrication technologies have facilitated the processing 
of thin-film microelectrodes. In 2010, Gogotsi’s group designed a thin film carbon based 
(carbide-derived carbon e.g., TiC-CDC) MSC on a silicon wafer by chlorination, gold 
sputtering and selective etching techniques [99]. At the same time, Brunet and coworkers 
constructed an in-plane MSC by electrophoretic deposition of onion-like carbon (OLC, 6-
7 nm in dimeter) with layer thickness of several micrometers [100]. The MSC architecture 
with high surface-to-volume ratios was made without the use of a binder and a separator, 
which significantly promote ionic diffusion through the thin-layer nanostructure. As a 
result, the MSC device achieves an ultrahigh power density and excellent frequency 
response. Later, a variety of fabrication methods have been employed for material 
deposition, including, sputtering, chemical vapor deposition, layer-by-layer (LBL) 
assembly, sol-gel methods, ink-jet printing, electrochemistry-based deposition, spray 
coating, and other related methods [101-106]. In an attempt to achieve fast and large-scale 
production of MSCs, direct laser writing methods have been employed to achieve 
synchronous reduction and patterning of GO films. In accordance with the growing interest 
for flexible and wearable electronics, flexible energy storage devices have been intensively 
studied. Particularly, two strategies have been proposed to make the flexible MSC arrays, 
(1) selection of flexible substrates that is compatible with material and device fabrication, 
(2) design of innovative MSC architecture that can relieve mechanical strains under 
deformation.  
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1.3.3 Solid-state electrolytes  
Many researchers have used aqueous polymeric gels as solid-state electrolyte for 
MSCs with a voltage window around 0-1 V, such as polyvinyl alcohol/sulfuric acid 
(PVA/H2SO4), polyvinyl alcohol/phosphoric acid (PVA/H3PO4), and polyvinyl 
alcohol/lithium chloride (PVA/LiCl) electrolytes [107-109]. These solid-state electrolytes 
have exhibited high ionic conductivity, good mechanical strength, long cycling life, and 
low leakage current [110, 111, 109]. As proton conducting polymer blends, the ionic 
conductivity of PVA/H3PO4 is in the range of  10
-5-10-3 S/cm, and the ionic conductivity 
of PVA/H2SO4 can reach as high as 7×10
-3 S/cm at room temperature [112, 113]. Ionic 
liquid-based solid state electrolyte have also been reported with operation voltage higher 
than 2V, which dramatically improves the energy density of  MSC devices [114]. Two 
examples of  non-aqueous gel electrolytes used in MSCs are PVA/1-butyl-3-
methylimidazolium tetrafluoroborate (BMIBF4) and 1-ethyl-3-methylimididazolium 
bis(trifluoromethylsulfonyl) imide (EMI TFSI)/ fumed silica (FS) [115, 116].   Compared 
with liquid electrolytes, the use of solid-state electrolytes not only reduces the possibility 
of internal shorting and electrolyte leakage, but also decreases the device thickness by 
alleviating the need for additional encapsulation layers. All these merits enable the easy 
packaging of MSC devices for miniaturized, portable and flexible electronic applications.  
1.4 Research Objectives and Organization of the Dissertation 
This research aims to study the chemical functionalization of graphene network and 
utilize the designed materials as electrodes for supercapacitor applications. The detailed 
research objective of this dissertation are:  
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(1) To rationally design the functionalized graphene materials as supercapacitor 
electrodes based on the fundamental understanding of the energy storage 
mechanisms 
(2) To develop reliable methods for molecular level functionalization of graphene 
networks with controlled chemical, physical and electronic properties 
(3) To systematically investigate the effect of graphene structures and formulations on 
the electrochemical performance via both experimental results and theoretical 
modeling  
(4) To employ the optimized electrode materials and microfabrication technologies to 
make miniaturized energy storage devises 
This dissertation is further organized into the following chapters. Chapter 2 
introduces the design of graphene-based covalent organic framework by using various 
aliphatic and multi-functional “molecular spacers”. These “molecular spacers” can be 
covalently grafted onto graphene surface, which dramatically reduces the restacking of 
graphene layers after reduction. Due to the structural benefits, the modified graphene 
demonstrates high EDL capacitance, high energy density, and excellent cycling stability in 
various electrolyte systems. Chapter 3 describes the incorporation of aromatic amines into 
graphene to boost the capacitance by reversible Faradaic reactions. Material structures, 
including reaction mechanism, chemical compositions, crosslinking and conjugated 
network,  and electrochemical properties, including specific capacitance, charge transfer 
resistance, and redox transition states of the electrodes were comprehensively investigated 
to reveal the structure-property relationship. In conjugation with experimental results, 
molecular dynamic simulations and density function theory calculations were used to 
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predict the structural and charge transfer behavior of the electrode materials. Chapter 4 
reports the development of a novel micro-scale supercapacitors, micro-supercapacitors 
(MSCs). A solution processable micro-electrode material and a compatible fabrication 
process were developed to achieve device miniaturization as well as high areal capacitance 
and fast frequency response. The architecture of MSCs were also designed to fabricate 
flexible and foldable energy storage devices. Chapter 5 describes the effect of polymer 
binders for graphene-based thin film electrodes. The conductivity, capacity, and wettability 
of the graphene electrodes with different binders in aqueous and organic electrolytes were 
explored and discussed. Chapter 6 presents the research summary and proposes future 
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CHAPTER 2. SYSTEMATIC INVESTIGATION ON GRAPHENE 
NETWORKS FUNCTIONALIZED BY ALIPHATIC MOLECULES 
2.1 Introduction 
Large-scale production of graphene can be realized by chemical reduction of GO, 
but the aggregated rGO structure results in significant loss of surface area and porosity [46, 
117].  To overcome the problem, various modification approaches have been introduced to 
enlarge the interlayer spacing of graphene sheets and ensure the utilization of large surface 
area graphene derivatives. For example, exfoliated and few-layer graphene was obtained 
by assembling CNTs, carbon and SiO2 nanospheres on graphene sheets with porous and 
hierarchical nanostructures [118-120]. However, the self-assembly process driven by π-π 
or electrostatic interactions is not strong enough to achieve uniform and consistent 
intercalation of spacers. In this sense, molecular spacers that rely on chemical bonds, rather 
than intermolecular interactions, can be used to effectively enhance the interlayer spacing 
and surface area of graphene and create a three-dimensional (3D) conductive graphene 
network. Although some synthesis methods have been proposed, few reports have 
performed a systematic study on graphene-based covalent organic framework (COF) in 
various electrolyte systems [121, 122]. In addition, the chemical and structural evolution 
from functionalized GO to rGO stage has not been elucidated.  Moreover, the effect of 
chain size, chain conformation, degree of functionalization and hydrophilicity should be 
considered in tuning the functionalized graphene nanostructures.  
In this chapter, chemical functionalization of graphene by various amines were 
investigated. Specifically, six types of aliphatic amines with different chain structures were 
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employed, namely, ethylene diamine (EDA), butane-1,4-diamine (BDA), hexane-1,6-
diamine (HDA), 1,4-cyclohexane diamine (CHDA), ether diamine (EA148), and tris(2-
aminoethyl) amine (Tris). These amine molecules can be covalently grafted on graphene, 
generating a 3D graphene network with more exfoliated layers and larger specific surface 
area. The chemical composition and the interlayer spacing before and after the complete 
reduction of GO were studied to illustrate the structural evolution. With these unique 
features, the as-fabricated graphene structure demonstrated an improved charge storage 
capability in aqueous electrolyte. In addition, larger energy density of the materials were 
obtained in 1 M tetraethylammonium tetrafluoroborate/acetonitrile (1 M TEABF4/AN) as 
organic electrolyte and 1-butyl-3-methylamidazolium tetrafluoroborate (BMIMBF4) as 
ionic liquid (IL) electrolyte. In conjugation with experiment results, computational 
methods were used to study the structural and electrical properties of the functionalized 
graphene. Moreover, a tertiary amine based spacer with multi-hydroxyl groups, 
trimethylamine (TEA), has been used to study and tune the wettability of the electrolyte 
surface. Due to the synergistic effect of enlarged surface area, stabilized 3D graphene 
structure and enhanced electrolyte wettability, the TEA/rGO electrode also presented 
improved specific capacitance with excellent rate performance and cycling stability.  
2.2 Experimental 
2.2.1 Materials preparation  
Graphene oxide (GO) was prepared by a modified Hummers’ method. Typically, 2 
g of graphite flake (Asbury 230U) was put into 200 mL of concentrated H2SO4 (98%) 
containing 2 g of NaNO3 in an ice bath. Then 9 g of KnMnO4 was slowly added to the 
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solution and the temperature was kept below 10°C. The mixture was stirred in an ice bath 
for 2 h and in a water bath at 35°C for another 0.5 h. Then 92 mL of 70°C water was added 
dropwise to the solution while maintaining the temperature below 90°C. Afterwards, 280 
mL of 70°C water was added into the solution, followed by the addition of 40 mL hydrogen 
peroxide (30 wt%) to terminate the reaction. Finally, the mixture was washed with 20 mL 
of 1 M HCl solution and copious amount of water until the pH of the GO solution was 6.  
The amine/GO aerogel was prepared by ultrasonicating an aqueous solution 
containing 0.25 mmol of diamines (0.167 mmol of Tris) and 50 mg of GO (50 mL, 1 
mg/mL) and heating hydrothermally in Teflon autoclaves at 90°C for 3 h. To make 
amine/rGO materials, same amount of amines and GO solutions were transferred to 
autoclaves to perform a two-step hydrothermal process at 90°C for 3 h and 180°C for 12 
h. The amine/GO aerogels and amine/rGOs were rinsed with DI water under vacuum and 
dried in oven. To prepare TEA/rGO samples, viscous triethanolamine liquid was first 
diluted 10 times by deionized (DI) water and used as stock solution. Afterwards, 30 mg 
GO was dispersed in 60 mL followed by slow addition of 1.5 mL of TEA stock solution. 
The homogenously mixed dispersion was transferred to a 100 mL Teflon-lined autoclave 
for hydrothermal reaction at 105°C for 5 h and 180°C for 10 h. 
2.2.2 Characterization 
Solid-state 13C magic-angle spinning (MAS) NMR spectrum was obtained on a Bruker 
DSX-300 spectrometer operating at a 1H frequency of 300 MHz. 13C direct polarization 
with 1H high power decoupling was achieved at a 90° pulse of 5 ms with relaxation delay 
of 4 s for 2048 scans. A field-emission scanning electron microscope (FESEM, Hitachi 
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SU8010), a transmission electron microscope (TEM, JEOL 100 CX), and a Veeco 
Dimension Edge atomic force microscope (AFM) were used to image the morphology of 
amine/rGO materials. High resolution TEM (HRTEM) image of graphene nanostructure 
and the selected area electron diffraction (SAED) were acquired on a FEI Tecnai F30 TEM. 
The chemical structures were recorded on an attenuated total reflectance-Fourier transform 
infrared spectroscopy (ATR-FTIR, Nicolet 6700, Smart Performer single-bounce ATR 
module) or a transmission mode FTIR (Magma IR 560, Nicolet) spectrophotometer. X-ray 
photoelectron spectroscopy (XPS) was characterized by a Thermo K-Alpha spectrometer. 
Raman spectroscopy was taken by a Thermo Nicolet Almega XR Dispersive Raman 
spectrometer. X-ray diffraction (XRD) patterns were recorded from an X’Pert Alpha-1 
diffractometer using Cu Kα radiation. Thermal profiles during heating were monitored by 
differential scanning calorimetry (DSC, TA Instrument Q 2000) at a heating rate of 
10°C/min. Surface area and pore size distribution were analyzed using Micromeritics 
ASAP 2000 via Brunauer–Emmett–Teller (BET) and Barrett-Joyner-Halenda (BJH) 
methods. Contact angle measurements were conducted on a Rame-Hart goniometer.  The 
electrochemical properties of the amine/rGO films were tested in symmetric coin cells 
using two-electrode system in 1 M H2SO4, 1 M TEABF4/AN, and BMIMBF4 electrolytes. 
The cyclic voltammetry (CV), galvanostatic charge/discharge (CD), and electrochemical 
impedance (EIS) tests were performed on Versastat 2-channel system (Princeton Applied 
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where I is the applied current, V is voltage range, v is the scan rates, and m is the weight of 
two electrodes. Based on the cell capacitance, the energy density (𝐸) was calculated based 






where ∆𝑡 is the discharge time. 
2.2.3 Theoretical calculations  
All the spin–polarized DFT computations were carried out by employing the PBE 
functional [123] and the double numerical plus polarization (DNP) basis set, as 
implemented in the DMol3 code [124]. The accuracy of the DNP basis set was comparable 
to that of Pople’s 6–31G** basis set. The convergence criteria applied for geometry 
optimizations were 2.0 × 10−5 au, 4.0 × 10−3 au/Å , and 5.0 × 10−3 Å for energy change, 
maximum force and maximum displacement, respectively. A vacuum space of 30 Å was 
adopted between adjacent layers to avoid mirror interactions. The Brillouin zone was 
sampled with the Γ−point only in geometry optimizations, whereas a 12  12  1 grid was 
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2.3 Results and Discussion 
2.3.1 Amine functionalized graphene  
2.3.1.1 Chemical reactions and compositions  
The chemical structures of amines and their reaction scheme with GO were shown 
in Figure 2.1. A two-step hydrothermal reaction was performed, in which the first step at 
90°C for 3h served to enable the chemical reaction between GO and amines to form the 
covalent bonding, while the second step at 180°C for 12h served to reduce the amine-
modified GO and restore the sp2 hybridized graphene network. Notably, all the amines 
used in this study can be dissolved in water, enabling them to be processed with well-
dispersed GO in aqueous solutions. In addition, the molar ratios of amine molecules to GO 
were controlled to ensure the efficient functionalization while the unreacted amines were 
rinsed off by water. Moreover, these amine molecules are of aliphatic structures, which 
provides another two advantages for the study of spacing effect. First, amino groups with 
aliphatic chains have higher chemical reactivity (nucleophilicity) since the lone pair 
electrons are closer to N atoms; whereas the lone pair electrons are delocalized when amino 
groups were connected to a benzene ring. Second, it avoids any possible pseudocapacitive 
charge transfer process when used as supercapacitor electrodes compared with aromatic-
based amines. In this study, the molarity of the amino functional groups to GO was kept 
constant: 0.5 mmol of amino groups was reacted with 50 mg of GO. 
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Figure 2.1 (a) Chemical structures of six amines used in this work; (b) schematic 
illustration of the chemical reactions between GO and amines.  
Solid-state NMR was carried out to evaluate the functionalization degree of GO. 
According to the direct 13C pulse spectrum (Figure 2.2), the characteristic GO peaks, 
namely, C-O-C at 63 ppm, C-OH at 71 ppm, O=C-O at 167 ppm, C=O at 193 ppm, and 
C=C at 132 ppm can be clearly visualized [125]. Peak integration results indicated that GO 
was well oxidized with largest amount of epoxide groups.  
 
Figure 2.2 13C MAS NMR spectrum of GO with the percentage of the functional groups 
calculated by peak integration. Figure courtesy of Dr. Johannes Leisen.  
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The chemical structures of the GO, rGO and amine/rGOs were characterized by 
ATR-FTIR. As shown in Figure 2.3a, the characteristic peaks of GO appearing at 1730, 
1230 and 1070 cm-1 corresponded to the carbonyl (C=O), epoxy (C-O-C), and alkoxyl (C-
O) groups at GO surface, respectively. The broad peak at around 3400 cm-1 and the sharp 
peak at 1630 cm-1 were assigned to the hydroxyl (O-H) stretching and the physisorbed 
water [126]. After chemical functionalization and reduction, the peak for carbonyl groups 
diminished and a new peak appeared at 1551 cm-1, which came from the vibration of –NH 
stretching in C-NH- group [122]. This chemical bonding indicate that these aliphatic 
amines, as highly reactive nucleophiles, could attack the epoxide groups on GO via 
nucleophilic substitution. It was also noticed that the alkoxyl and epoxy peaks shifted to 
higher wavenumbers (1112 and 1264 cm-1) after the chemical reaction, which possibly 
arose from the change of neighboring environments when the amino groups were 
introduced into graphene structure.   
Figure 2.3b shows the Raman spectra of rGO and amine/rGO, and all spectra had 
the typical D, G, 2D, and D+G bands for graphene-based materials. Generally, the ID/IG 
ratio was used to study the disorder in graphitic structures. It was found that the ID/IG ratio 
was in the range of 1.02-1.10 for functionalized rGO, which was slightly higher than that 
of rGO. The increase in ID/IG ratio was attributed to the incorporation of N heteroatoms 
and the possible formation of smaller-size graphitic domains [127]. 
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Figure 2.3 (a) ATR-FITR spectra of GO, rGO and amine/rGO; (b) Raman spectra of rGO 
and amine/rGO structures.   
XPS was used to further examine the chemical composition. Based on XPS survey 
spectra, the atomic ratios of C, N and O were determined and listed in Table 2.1 and Table 
2.2 . The carbon-to-oxygen (C/O) ratio only increased slightly from 2.1 of GO [128] to 2.4 
of GOA, suggesting that GO was barely reduced during this step. After the process at 
180°C, the significant decrease of O content (partial reduction) was accompanied by the 
increase of C content. It was found that the percentage of amino groups (N content) had a 
small change compared to amine/GO before reduction, which suggested the strong bonding 
nature of the amine spacers. The highest N percentage of ~8.15% was determined for 
Tris/GO. The high O percentage in EA148/rGO came from ether groups on the chain, 
which made the materials more hydrophilic. The high resolution C 1s and N 1s spectra of 
the BDA/rGO are shown in Figure 2.4a as an example to illustrate the chemical bonding. 
The C1s peak can be deconvoluted into four peaks at binding energies of 284.7 eV (C=C), 
285.9 eV (C-O), 287.2 eV (C-N), and 288.7 eV (C=O) respectively. Peak integration 
revealed that there was a large quantity (13.4%) of C-N groups, which corresponded to the 
covalently grafting of amino groups on rGO. In N 1s spectrum (Figure 2.4b), the single –
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NH- peak at 399.6 eV with the high level of fitting indicated that most amino groups were 
covalently bonded in the form of C-N-C [129], which is consistent with the FTIR results 
and the peak analysis of C 1s spectrum.  
Table 2.1 Atomic ratios of C, N, and O in GOA and amine/GO  
Samples GOA EDA BDA HDA CHDA EA148 Tris 
C 70.88 73.20 74.20 74.91 76.34 70.87 75.99 
N - 6.37 6.48 4.65 5.39 5.51 8.15 
O 29.12 20.43 19.32 20.44 18.27 23.62 15.86 
 
Table 2.2 Atomic ratios of C, N, and O in rGO and amine/rGO 
Samples rGO EDA BDA HDA CHDA EA148 Tris 
C 87.36 85.66 85.48 86.39 86.76 83.15 86.17 
N - 6.33 6.37 3.93 4.53 5.24 7.79 
O 12.64 8.02 8.15 9.68 8.71 11.61 6.04 
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Figure 2.4 XPS (a) C 1s and (b) N 1s spectra of BDA/rGO with peak deconvolution to 
show the chemical bonding.  
2.3.1.2 Physical properties  
Surface morphology of rGO and amine/rGO were characterized. As shown in 
Figure 2.5 (a-b), rGO had stacked graphene sheets whereas the functionalized rGO showed 
crumpled morphology due to the intercalation of molecular spacers. The wrinkled and 
exfoliated form of the graphene sheets was also observed under TEM (Figure 2.5c), and 
the low contrast image indicated a small thickness of the specimen. From the HRTEM 
image (Figure 2.5d), the subnanometer scale of the edge thickness indicated the few-layer 
(1~2 layers) character of the graphene sheets. Selected area electron diffraction (SAED) 
pattern (Figure 2.5e) was obtained along the zone axis. The clear spots corresponded to the 
crystalline structure of graphene. For monolayer pristine graphene, the diffraction pattern 
typically shows a hexagonal symmetry. The functionalized graphene showed deviated 
hexagonal symmetry with twelve spots, which could be attributed to the twisting of 
graphene planes and clustered defects including the unreduced oxygen-containing 
functional groups and the molecular spacers decorated on graphene surface [130]. Figure 
1f shows the AFM image of the functionalized graphene sheets with measured single-layer 
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thickness of 1.5 nm. The increased interlayer thickness, in comparison to GO (1.1 nm) 
[131], was attributed to the molecular level grafting of amine molecules, and the ultra-thin 
layer characteristic further confirmed the good exfoliation of graphene. The wrinkled 
feature of the graphene sheets were also observed by the high-contrast lines. 
XRD was employed to investigate the effect of chain structures on graphene 
interlayer spacing. Figure 2.6a shows the XRD patterns of the amine/GO films after the 
first-step reaction. The GO aerogel (GOA) control sample displayed a 2θ peak at 10.9°, 
corresponding to an interlayer spacing of 0.82 nm. The 2θ angle of EDA/GO appearing at 
10.0° was due to the intercalation of EDA. As the chain length increased, the 2θ shifted to 
smaller angles at 9.3° and 8.4° for BDA/GO and HDA/GO, respectively. In analogy to 
HDA, CHDA also exhibited 2θ at 8.5° with the calculated d spacing of 1.04 nm. For the 
bulkier-size molecules, the complicated inter/intra molecular interactions could affect the 
interlayer spacing. In the case of EA148/GO, the molecular chain with hydrophilic ether 
groups tended to be in a helix or coil configuration rather than a stretched form to be 
thermodynamically stable [132]. Therefore, the interlayer spacing for EA148 did not 
increase accordingly with chain length. The largest d spacing of 1.22 nm was observed for 
Tris/GO, which increased by 48.8% compared to that of GOA. It is believed that the tri-
functional Tris molecules can form more chemical linkages on graphene surfaces than 
diamine molecules, leading to a more stabilized 3D network.  
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Figure 2.5 SEM images of (a) rGO and BDA/rGO; (c) TEM and (d) HRTEM image of 
the BDA/rGO; (e) SAED patterns of BDA/rGO; (f) AFM image of a single-layer 
BDA/rGO sheet with height profile showing the layer thickness.   
To take advantage of the structural benefits for electrochemical energy storage, it 
was required to maintain the spaced graphene nanostructures in thin film electrodes. XRD 
patterns of the free-standing amine/rGO films were shown in Figure 2.6b. The sharp peak 
at 18° corresponded to the PTFE binder.  For rGO control sample, a broad peak appeared 
at 24.8° (d=0.36 nm), which was assigned to the stacking of graphene sheets. In 
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comparison, the new peaks occurring below 11° indicated the increased graphene interlayer 
spacing due to the grafting of spacers with oriented molecular configuration. The 2θ of 
EDA, BDA, HDA, and CHDA functionalized rGO followed the same trend as in their GO 
forms, in which smaller 2θ (larger d spacing) values were observed for diamine molecules 
with longer chain lengths. The peak at around 24° could be explained as the wavy nature 
of the modified graphene structure with partial restacking at some areas. For HDA/rGO 
and EA148/rGO, the low-intensity or even the absence of the characteristic peak implied 
the disordered molecular structure. Tris/rGO had a prominent peak at 7.2° with the largest 
d spacing of 1.2 nm. The values of interlayer spacing before and after the reduction of GO 
were summarized in Figure 2.6c. The results showed that EDA, BDA, HDA, and CHDA 
functionalized graphene had a minor change in d spacing before and after the reduction, 
which demonstrated the formation of 3D crystalline graphene nanostructures. The small 
decrease in spacing could be attributed to the intrinsic shrinkage of graphene sheets driven 
by intermolecular interactions and electrostatic repulsions.  
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Figure 2.6 XRD spectra of (a) amine/GO and (b) amine/rGO; (c) comparison of d spacing 
values between amine/GO and amine/rGO (before and after the reduction); (d) nitrogen 
adsorption-desorption isotherms of the amine/rGO structures. The control samples were 
included in all the plots. 
Nitrogen adsorption-desorption isotherms were used to provide more information 
on the spacing effect and the porous structure of the functionalized graphene. As shown in 
Figure 2.6d, all samples displayed a type IV isotherm, which indicated the formation of 
mesoporous structure. Table 2.3 summarized BET specific surface area (SSA) and pore 
size distribution by BJH method. It can be seen that the SSA increased from 129 m2/g 
(rGO) to 327 m2/g (Tris/rGO) due to the amine-based spacers. The values of SSA were 
basically consistent with the d spacing from XRD patterns, where a longer interlayer 
distance generally created a larger surface area. According to BJH adsorption analysis, the 
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average pore width (w) varied between 5.28 and 6.76 nm, and the pore size typically 
decreased with the increase of SSA. For amine/rGO structures, the wide distribution of 
pore sizes are beneficial for energy storage in that mesopores supply fast ion transport 
pathways and micropores provide large surface area to accommodate electrolyte ions. 
Table 2.3 Specific surface area (SSA) and pore size of rGO and various amine/rGO 
Samples rGO EDA BDA HDA CHDA EA148 Tris 
SSA (m2/g) 149 263 266 188 285 192 327 
Pore diameter (nm) 6.76 5.88 5.94 6.68 5.41 6.62 5.28 
The functional groups introduced to the graphene can also be effective in tuning the 
surface energy. The contact angles of water on rGO and amine/rGO films were shown in 
Figure 2.7. The hydrophilic amino groups rendered stronger water affinity to amine/rGOs 
through hydrogen bonding. Among the functionalized graphene, EA148/rGO had the 
lowest contact angle of 86.0° due to the presence of large amount of O-containing 
functional groups; whereas CHDA/rGO and HDA/rGO showed large contact angles of 
107.4° and 110.8° due to the presence of relatively long and hydrophobic chains.  
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Figure 2.7 Static water contact angle of amine/rGO and rGO films. 
2.3.1.3 Electrochemical analysis  
To determine the electrochemical properties of the amine/rGO electrodes, two-
electrode symmetric coin cells were used. Figure 2.8 (a-c) show the cyclic voltammetry 
curves of three amine/rGO samples in 1 M H2SO4 electrolyte with scan rates from 2 to 200 
mV/s at a voltage range of 0-1 V. The near rectangular-shaped curves implied a strong 
EDLC character. Particularly, these aliphatic amines are unlikely to get involved in any 
redox reactions, so the capacitance was directly associated with the spacing effect of 
graphene structures. The amine/rGO provided enlarged interlayer spacing and ion 
accessible surface area, thus achieving obvious increase in capacitance values compared 
with rGO. As scan rates increased from 2 to 200 mV/s, most amine/rGO electrode (except 
for CHDA/rGO) retained over 75% of the capacitance value. This result demonstrated the 
high power handling capability of the materials, resulting from the rapid propagation of 
electrolyte ions. The BDA/rGO electrode exhibited a maximum specific capacitance of 216 
F/g at 2 mV/s, which are almost double the value as that of rGO [131]. With well-spaced 
graphene structure, EDA/rGO and CHDA/rGO electrodes also delivered high specific 
capacitance values of 203 F/g and 214 F/g, respectively. Unlike the other amine/rGO 
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electrodes, the capacitance of CHDA/rGO declined quickly as scan rates increased. The 
reason can be explained that cyclohexane rings typically adopted the chair conformation 
to keep them thermodynamically stable, which could hinder efficient charge transfer 
through graphene layers and lead to relatively poor rate performance. As shown in Figure 
2.8b, the CV curve of CHDA/rGO displayed a tilted shape at high scan rates, indicating 
the resistive behavior of charge transport. The slightly lower capacitance (189 F/g) of 
Tris/rGO might arise from the reduced conductivity when large Tris molecules were 
introduced. HDA/rGO and EA148/rGO, with a less obvious spacing effect, had the smallest 
capacitance improvement compared to other amine/rGOs. For EA148/rGO, the higher 
hydrophilicity could potentially enhance the wetting of aqueous electrolyte, but the poor 
capacitance values indicated that spacing effect and electrical conductivity outweighed the 
effect of surface hydrophilicity. Overall, the highest capacitance achieved by EDA/rGO, 
BDA/rGO and CHDA/rGO electrodes were comparable to other structurally modified 
graphene electrodes without the use of any pseudocapacitive materials (conducive 
polymers or metal oxides) [133-135].  
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Figure 2.8 Electrochemical tests in 1 M H2SO4 electrolyte. CV curves of the (a) 
BDA/rGO, (b) CHDA/rGO and (c) EDA/rGO at various scan rates; (c) plots of specific 
capacitance values at different scan rates. 
Galvanostatic charge-discharge measurements were also taken to evaluate the 
electrochemical performance. As shown in Figure 2.9a, charge/discharge curves exhibit an 
almost linear and symmetric triangle shape, which reflects the EDLC storage mechanism. 
At current density of 1 A/g, BDA/rGO showed the maximum capacitance of 208 F/g, which 
agreed well with the values calculated from CV curves at similar discharge time. The 
cycling stability of these functionalized graphene was investigated by 10,000 
charge/discharge cycles. It can be seen that all the amine/rGOs exhibited over 92% 
capacitance retention over 10,000 cycles (Figure 2.9b). This remarkable cycling durability 
further verified the stability of the 3D graphene structure. Particularly, the Tris/rGO 
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electrode was able to retain 96.8% of initial capacitance after long-term cycling. The robust 
graphene network could efficiently buffer the possible structural change induced by the 
uptake and release of electrolyte ions.  
 
Figure 2.9 Charge/discharge curves at current density of 1 A/g; (e) cycling stability of the 
electrodes for 10000 cycles at 1 A/g. 
Electrochemical impedance spectroscopy (EIS) was used to evaluate the resistive 
and charge transfer behavior of the electrodes. As shown in Figure 2.10, Nyquist plots of 
the amine/rGOs showed a nearly perpendicular line at low frequency regions, indicating 
an almost ideal capacitive behavior. The first intersection points to the real axis, defined as 
the equivalent series resistance (Rs), was in the range of 0.25-0.60 Ω [136]. The small Rs 
implied good conductivity of the electrode material and good electrical contact at the 
electrode/current collector interfaces. The charge transfer resistance (Rct) reflected the total 
resistance at electrode/electrolyte interface.[136] Generally, graphene modified by shorter-
chain amine, such as EDA/rGO (Rs: 0.25 Ω, Rct: 1.86 Ω), exhibited lower intrinsic and 
interfacial resistance than those with larger amine spacers, including HDA/rGO (Rs: 0.58 
Ω, Rct: 5.87 Ω) and CHDA/rGO (Rs: 0.57 Ω, Rct: 7.11 Ω). For CHDA/rGO, the high Rct, 
together with the large Warburg region at medium frequency region, provided further 
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evidence that bulky cyclohexane ring could hinder the ionic transport/diffusion between 
graphene layers. 
 
Figure 2.10  Nyquist plots of the electrodes with a magnified view for the high-frequency 
region. 
To investigate the capacitive properties in organic electrolyte, amine/rGO 
electrodes were tested in 1 M TEABF4/AN with a wider potential window from 0-2.7 V. 
Figure 2.11a and b show the CV curves of BDA/rGO and specific capacitance values of 
different electrodes. The EDLC charge storage characteristic was verified by the quasi-
rectangular curves at various scan rates. The largest specific capacitance of 134 F/g was 
obtained at 10mV/s for BDA/rGO electrodes, and the capacitance values decreased to 124 
F/g at 50 mV/s, and 107 F/g at 200 mV/s.  It was noted that the capacitance only dropped 
by 20% at high scan rates, indicating a good accessibility for organic electrolyte ions to the 
inner area of the electrodes. In acetonitrile, the size of the solvated cations (𝑁𝐸𝑡4
+) and 
anions (𝐵𝐹4
−) was 1.35 and 1.40 nm respectively [137], which have a good match with the 
pore size of electrode materials for charge transport and storage. The Tris/rGO and 
EDA/rGO delivered a high capacitance of 131 F/g and 119 F/g respectively at 2 mV/s. and 
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both electrodes had excellent rate performance as well due to the porous structure. Similar 
to the results acquired in H2SO4 electrolyte, the CHDA/rGO also showed large decay of 
capacitance values upon increasing the scan rates, suggesting obstructed charge transfer 
processes. As shown in Figure 2.11c, the symmetric triangles of the curves with small IR 
drop implied a nearly ideal capacitive behavior. In organic electrolyte, the electrodes also 
exhibited excellent cycling stability with slight decline of specific capacitance over 10,000 
cycles (Figure 2.11d).  
 
Figure 2.11 Electrochemical tests in 1 M TEABF4/AN electrolyte. (a) CV curves of the 
BDA/rGO electrode; (b) plots of the specific capacitance values as a function of scan 
rates; (c) charge/discharge curves of BDA/rGO at various current densities; (d) 
capacitance retention of different electrodes over 10,000 cycling tests.  
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Figure 2.12a shows the Nyquist plots of the electrodes in organic electrolyte. It was 
observed that all electrodes exhibited incomplete semicircles at high frequency region due 
to the charge transfer process and nearly vertical lines at low frequency regions due to fast 
ionic diffusion within the graphene nanostructure. In spite of the low ionic conductivity 
and high viscosity of the organic electrolyte, the graphene-based electrodes showed small 
Rs (< 0.8 Ω) and Rct (<6.5 Ω) values (except for CHDA/rGO). The Ragone plot (Figure 
2.12b) compared the energy density and power density for different electrodes. BDA/rGO 
electrode displayed the highest energy density of 34 Wh/kg at power density of 425 W/kg, 
which was larger than some reported graphene-based materials in organic electrolyte [138, 
139].  
 
Figure 2.12 (a) Nyquist plots of the amine/rGO with a magnified view at high frequency 
region; (b) Ragone plots of rGO and amine/rGO electrodes in organic electrolyte.  
For the amine/rGO electrodes, an ionic liquid electrolyte (BMIMBF4) was also used 
to extend the potential window to 3.5 V. Among all electrodes, Tris/rGO showed a 
maximum specific capacitance of 119 F/g at 10 mV/s (Figure 2.13a-b), as a result of the 
larger surface area and optimal pore sizes. Generally, the inert IL electrolytes ions are not 
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involved in any redox processes, which makes Tris/rGO, with larger surface area and better 
pore size distribution, superior in accumulating charges at the electrolyte/electrode 
interface. The specific capacitance of other functionalized graphene samples were also 
obtained at 10 mV/s, which was much higher than that of 65 F/g for rGO control sample. 
In contrast to the capacitive performance in aqueous and organic electrolytes, the relatively 
poor rate performance can be attributed to the high viscosity and slow ionic transport 
features of the IL electrolyte.  
 
Figure 2.13 Electrochemical tests in BMIMBF4 IL electrolyte. (a) CV curves of the 
Tris/rGO electrode; (b) specific capacitance values as a function of scan rates; (c) 
charge/discharge curves of Tris/rGO at various current densities; (d) Ragone plots of rGO 
and amine/rGO electrodes. 
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The charge/discharge profiles (Figure 2.13c) exhibited linear and symmetric curves 
at various current densities, but a larger IR drop corresponded to the lower ionic 
conductivity of the IL. Figure 2.13d shows the Ragone plots of the samples in IL 
electrolyte. For Tris/rGO, a considerably high energy density of 51 Wh/kg was achieved 
at power density of 552 W/kg, while the energy was still as high as 30 Wh/kg as the power 
density increased to 6 kW/kg. The state-of-the-art electrochemical performance of 
graphene-based supercapacitors in IL electrolytes and the amine/rGO materials in this work 
are listed in Table 2.4 for comparison.  
Table 2.4 Comparison of the start-of-art electrochemical performance for graphene-based 
supercapacitors in ionic liquid electrolyte 
Electrode Materials Electrolyte Voltage (V) 
Specific 
Capacitance 







PYR14TFSI 3.5 75 31.9 N/A 
Graphene/AC[141] EMIMBF4 4 94 52.2 N/A 
Mesoporous 
graphene[6] 
EMIMBF4 4 154 85.6 N/A 
Sponge-like 
graphene[142] 
BMPY TFSI 3 68.5 21.4 N/A 
Nitrogen-doped 
graphene[143] 
EMIMBF4 3 130 41 




BMIMBF4 3.5 119 51 
45% V drop, 24 
h 
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Figure 2.14 Self-discharge curves of rGO and amine/rGO in BMIMBF4 IL electrolyte 
over a period of 24 h. 
 
Figure 2.15 Simulation of the self-discharge curves by a combination of potential driving 
model and diffusion control model for (a) BDA/rGO, (b) EDA/rGO, (c) CHDA/rGO, and 
(d) Tris/rGO in BMIMBF4 IL electrolyte. 
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Self-discharge process was investigated to evaluate the energy retention capability 
of the as-fabricated supercapacitors. Self-discharge is defined as the decay of voltage with 
time in open-circuit condition. Generally, two self-discharge models were proposed for 
EDLCs, namely, diffusion control model and potential driving model [144, 145]. In 
diffusion control model, the driving force is the ionic concentration gradient with varied 
distance from the electrode/electrolyte interface, denoted as 𝑉 = 𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑚 ∗ 𝑡
1/2, where 
m represents the diffusion factor and t represents the self-discharge time; while the potential 
driving model relies on the potential field difference, denoted as 𝑉 = 𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ∗ 𝑒
−𝑡/𝜏 , 
where 𝜏 is the time constant of capacitor. Figure 2.14 shows the self-discharge curves of 
the functionalized graphene electrodes in ionic liquid electrolyte after precharging to 3.5 
V. It can be seen that BDA/rGO exhibited remarkable self-discharge performance with the 
final voltage kept at around 2 V over a period of 24 h. For EDA/rGO and Tri/rGO, more 
than 55% of voltage was also preserved after 24 h, which was superior to other self-
discharge results reported for supercapacitors [146-149]. The relatively faster self-
discharge rate for CHDA and Tris/rGO might be due to the bulky amine structures and 
large surface heterogeneity. The defective areas on electrode surface can generate weak 
bonding with electrolyte ions due to the interference of large CHDA/Tris structures, 
leading to easier leakage of ions from the double layer [146]. The self-discharge curves of 
the graphene-based materials were also fitted into the potential driving model and diffusion 
control model for better understanding of the processes [144]. As shown in Figure 2.15, 
the red and blue curves signified the fitting of the potential driving model (𝑉 ∝ 𝑒−𝑡) and 
diffusion control model (𝑉 ∝  𝑡1/2), respectively.  At the beginning stage of the self-
discharge, the driving force came from the electric field scaled by the potential difference. 
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Then, the self-discharge process was governed by the ionic diffusion and the voltage drop 
became much slower.  
2.3.1.4 Theoretical calculations  
Complementary to experimental studies, computational simulations were 
performed to explain the structural and electronic properties of the amine/rGOs. The 
interlayer distance of these graphene derivatives was calculated using the periodic model 
(Figure 2.16). The calculation was based on the assumption that these molecules stably 
crosslinked between graphene layers via C-N bonds. Given the C-N bond length of 1.47 
Å, the interlayer distance for EDA/rGO, BDA/rGO, and HDA/rGO were calculated to be 
0.67 nm, 0.91 nm, and 1.18 nm, which were consistent with the experimental results. The 
large HDA and EA148 molecules might adopt bent conformation due to the flexible 
hydrocarbon chains, which made the experimental data smaller than calculated values. For 
Tris/rGO and CHDA/rGO, the theoretical and experimental results also showed good 
agreements (variation < 0.25 nm), and the discrepancy might result from the complicated 
intra/intermolecular interactions due to their branched or ring structures.   
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Figure 2.16 Simulated molecular geometries of (a) EDA/rGO, (b) BDA/rGO, (c) 
HDA/rGO, (d) CHDA/rGO, (e) EA148/rGO, and (f) Tris/rGO. Figure courtesy of Dr. 
Jingxiang Zhao.  
 
 
Figure 2.17 Total electron energy maps of (a) EDA/rGO, (b) BDA/rGO, (c) HDA/rGO, 
(d) CHDA/rGO, (e) EA148/rGO, and (f) Tris/rGO. Figure courtesy of Dr. Jingxiang 
Zhao.  
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Figure 2.18 Simulated band gap structures of (a) EDA/rGO, (b) BDA/rGO, (c) 
HDA/rGO, (d) CHDA/rGO, (e) EA148/rGO, and (f) Tris/rGO using periodic model. 
Figure courtesy of Dr. Jingxiang Zhao.  
DFT calculations were employed to theoretically examine the electron density and 
band gap of the amine/rGO. The introduction of electron-rich amino groups led to the 
charge redistribution and delocalization at the amine/rGO interfaces. The phenomena were 
verified by the total electron density map (Figure 2.17) that the charges concentrated at the 
C-N covalent bonds were further distributed to the conductive graphene networks. The 
band structure were simulated to evaluate the charge transfer characteristic between 
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graphene layers. The bandgap of the functionalized graphene was calculated to be in the 
range of 0.05 eV to 0.54 eV (Figure 2.18). For EDA/rGO and BDA/rGO, the band gaps 
were as small as 0.07 and 0.05 eV, which suggested the strong charge carrier mobility 
between graphene layers. The better electron mobility of the BDA/rGO also correlated well 
with the larger capacitance values acquired from the electrochemical tests. The highest 
band gap for CHDA/rGO (0.54 eV) indicated that the cyclohexane ring could hinder the 
charge propagation through graphene layers, resulting in poor specific capacitance as the 
increase of scan rates.  
2.3.2 Triol functionalized graphene  
2.3.2.1 Chemical and thermal analysis  
The schematic illustration of the chemical reaction and the as-formed graphene-
framework was shown in Figure 2.19. At 105°C, TEA molecule can be grafted on graphene 
surface to exfoliate the stacked graphene sheets. The hydrothermal treatment at 180°C 
serves to ensure more complete reduction of GO.  
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Figure 2.19 Schematics of (a) the chemical reaction between TEA and GO and (b) the as-
formed 3D TEA/rGO nanostructure with charge transfer characteristics (the residue 
oxygen-containing groups on graphene sheets are omitted for clarity. 
Chemical structures of TEA/rGO were measured by FTIR, DSC, Raman and XPS. 
FTIR was used to elucidate the formation of chemical bonds between GO and TEA. As 
shown in Figure 2.20a, TEA/rGO presented two strong bands at 1260 cm-1 and 1066 cm-1, 
which are ascribed to the epoxy and alkoxyl groups respectively. These enhanced C-O 
characteristics suggests an obvious covalent linkage of TEA onto graphene sheets. 
Furthermore, two emerging peaks at 1468 and 715 cm-1 (–CH2 bending modes), together 
with the intensified peaks at 2925 and 2854 cm-1 (stretching modes of –CH2 units), all 
confirms the existence of the TEA molecules in the graphene structure. The FTIR spectrum 
of pure TEA is also presented in Figure 2.20b as a reference.  
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Figure 2.20 FTIR spectra of (a) GO, rGO, TEA/rGO, and (b) TEA.  
Figure 2.21a shows DSC profiles of GO/TEA mixture, which is used to monitor 
the in-situ reaction process. From 105°C to 173°C, a prominent exothermic peak was 
observed with a calculated enthalpy of 975 J/g, which provides an evidence for the 
exothermic reactions between GO and TEA. It is believed that the ring opening of epoxide 
groups or the condensation of hydroxyl groups are mostly likely to occur at the temperature 
range with strong exothermic features. The resulting material with higher content of C-O 
functionalities was also confirmed by FTIR. The reaction onset temperature, 105°C, was 
used as the first step temperature for the molecular grafting. This low-temperature 
treatment can maximize the degree of chemical reactions before GO was further reduced 
at 180°C. Raman spectroscopy was used to illustrate the graphitic crystalline structure. In 
Figure 2.21b, the D band at 1340 cm-1 represents structural defects while the G band 1590 
cm-1 corresponds to the ordered sp2 hybridized graphene network [150]. It was found that 
ID/IG ratio was 0.97 for GO, increased slightly to 1.09 for rGO and 1.13 for TEA/rGO. The 
small increase of the ID/IG ratio between rGO and TEA/rGO is due to the TEA 
incorporation, in which the grafting of TEA molecule on graphene surface replaces some 
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of the sp2 carbon sites and generates more sp3 carbon forms. In addition, the 2D peak was 
observed at around 2700 cm-1 after GO reduction, which is caused by the second order 
vibration of two phonons with opposite wavevectors [151]. For TEA/rGO, the pronounced 
intensity of the 2D peak relative to rGO indicates the improved exfoliation of graphene 
sheets to fewer layers upon molecular functionalization [152].   
 
Figure 2.21 (a) DSC curves of GO/TEA mixture in N2 atmosphere with heating rate of 
10°C/min; (b) Raman spectra of GO, rGO and TEA/rGO.  
XPS was used to provide further insight on the TEA/rGO nanostructure.  From the 
survey spectrum (Figure 2.22a), the N content was quantified to be ~2.05%, which provides 
an estimated percentage of 20.5 wt% of TEA spacer in the functionalized graphene (atomic 
ratios C:O:N=6:1:3).  Figure 2.22b shows the high resolution C1s spectrum of TEA/rGO. 
Peak deconvolution reveals that there is 69.6% C=C, 16.1% C-O, 8.4% C-N & C=O, and 
5.9% O-C=O.[153, 154] Among the oxygen-containing groups, the largest fraction of C-
O bonds indicates covalent linkage between TEA and graphene, as complementary to FTIR 
[61]. Compared with rGO (Figure 2.22a), O content increases from 9.95% to 15.75% via 
upon TEA modification. The surface functionalities, specifically O-containing groups, can 
effectively tune the surface energy of the materials.  
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Figure 2.22 XPS (a) survey spectra of rGO and TEA/rGO; (b) high resolution C 1s 
spectra of TEA/rGO.  
2.3.2.2 Physical properties  
Figure 2.23a shows the SEM image of the TEA/rGO with well-exfoliated thin layer 
features. The TEM image (Figure 2.23b) reveals the wrinkled form of functionalized rGO 
with no obvious aggregation. An individual TEA/rGO flake with slightly wrinkled surfaces 
was observed by AFM (Figure 2.24a). The average thickness of the flake is determined to 
be ~ 1.96 nm from the height profile (Figure 2.24b). The AFM image of a single layer GO 
flake with an average depth of 1.10 nm is shown in Figure 2.24(c-d) as a comparison. In 
the absence of layer-by-layer aggregation, we believe that the increased thickness of the 
TEA/rGO nanostructure is mainly attributed to the presence of TEA molecules grafted 
between graphene layers.  
  62 
 
Figure 2.23 (a) Cross-section SEM and (b) TEM images of the TEA/rGO. 
 
 
Figure 2.24 AFM image of the (a-b) individual TEA/rGO and (c-d) GO sheet with 
corresponding height profiles showing the average thickness. 
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Figure 2.25 shows the XRD patterns of GO, rGO and TEA/rGO. GO displays a 
characteristic diffraction peak at 9.9°, corresponding to an interlayer spacing of 0.90 nm. 
Upon the hydrothermal reduction, rGO became restacked due to the loss of considerable 
oxygen-containing groups, which reduces the interlayer spacing to ~.35 nm. Upon the 
grafting of TEA, a new diffraction peak was observed at 5.1°. The broadened interlayer 
spacing (1.75 nm) was attributed to the intercalation of TEA as molecular spacer, which 
serves to reduce the agglomeration of curved graphene sheets to some extent. Particularly, 
TEA molecule with highly branched structure, is more likely to form a 3D graphene 
network with stabilized interlayer spacing and enhanced surface area. Moreover, the 
interlayer thickness calculated by Bragg’s law is consistent with that measured by AFM.  
 
Figure 2.25 XRD patterns of GO, rGO and TEA/rGO. 
In conjugation with XRD, N2 adsorption-desorption isotherms was used to examine 
the spacing effect of TEA/rGO. As shown in Figure 2.26a, TEA/rGO displays a type-IV 
isotherm with SSA up to 527.8 m2/g, which has a three-fold improvement compared with 
rGO (189.8 m2/g). The dramatic raise in the adsorption curve at low relative pressure 
indicates a large content of micropores, while the clear hysteresis loop at the relative 
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pressure of (0.4~0.85) corresponds to the capillary condensation of mesopores between 
graphene layers [155]. Figure 2.26b presents the pore size distribution plots of TEA/rGO 
with an average pore width of 2.96 nm. The TEA/rGO containing different pore sizes 
ensures the efficient charge transfer through mesopores and provides the sufficient surface 
area for charge storage within micropores.  
 
Figure 2.26 (a) Nitrogen adsorption/desorption isotherm and (b) pore size distribution 
plots of TEA/rGO. 
 
Figure 2.27 Contact angle measurement of the (a) TEA/rGO film. 
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As shown in Figure 2.27, the contact angle of 78.9±2.0° was obtained with a water 
droplet on a TEA/rGO film. The hydrophilic nature of the modified electrode is mainly 
attributed to the sufficient amount of C-O groups in TEA/rGO.  
2.3.2.3 Electrochemical properties  
The electrochemical performance of TEA/rGO films was measured by cyclic 
voltammetry (CV) using a two-electrode symmetrical coin cell in both 1 M H2SO4 and 1 
M TEA/BF4 electrolytes. The rate-dependent capacitance results calculated from CV 
curves is shown in Figure 2.28a. In H2SO4 electrolyte, the maximum specific capacitance 
was as high as 210 F/g at 2 mV/s, which can be attributed to the synergistic effect of large 
ionic accessible surface area and good wettability of the electrolyte, as discussed above. 
As the increase of scan rates, the specific capacitance was kept as high as 156 and 143 F/g 
at 100 and 200 mV/s, which retained 74.3% and 68.1% of the capacitance from the 
capacitance value at 2 mV/s, respectively. The TEA/rGO thin film electrodes were also 
tested in organic electrolytes (1 M TEABF4/AN). As shown in Figure 2.28a, the highest 
specific capacitance of 118 F/g was achieved for TEA/rGO at 10mV/s. The enhanced 
interlayer spacing of TEA/rGO can facilitate the bulkier-sized electrolyte ions to penetrate 
through the inner pores, thus resulting in more charge accumulation at the 
electrode/electrolyte interface for energy storage. Generally, graphene derivatives 
decorated by conductive polymers or metal oxide shows a high energy density, but the 
relatively slow charge/discharge rates and the poor cycling stability limit their usage. As 
for the TEA/rGO that possesses strong EDLC characteristic, the highest energy density is 
determined to be 25.7 Wh/kg at 2.5 V in organic electrolyte.  The compatibility of the 
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electrode materials in organic electrolyte provides the feasibility for high energy-density 
applications. 
Figure 2.28b shows the galvanostatic charge/discharge (CD) profiles at different 
current densities. The symmetric lines of the curves indicate capacitive features of the 
charge propagation in a reversible manner. Cycling stability of the TEA/rGO electrodes 
were investigated at current densities of 2 A/g. It can be seen from Figure 2.28c that 
~91.7% of capacitance is retained after 10,000 cycling tests.  The outstanding cycling 
durability, together with excellent rate performance and electrolyte wettability, 
demonstrates the unique nanostructure of TEA/rGO for charge storage, which shows 
apparent advantages over other types of molecular spacer functionalized graphene 
materials [75, 156, 134, 119]. Figure 2.28d shows the Nyquist plots at a frequency range 
from 100 kHz to 0.01 Hz. The small Rs value (0.38 Ω) indicates the excellent electrical 
conductivity provided by the electrode material. The extrapolated low charge transfer 
resistance (Rct: 1.37 Ω) represents the small interfacial resistance between electrode and 
electrolyte, which further demonstrates the superior wettability of the electrodes by 
introducing O-containing functionalities on graphene surface.  
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Figure 2.28 Electrochemical test results of TEA/rGO electrodes. (a) Rate-dependent plot 
of the specific capacitance values ; (b) galvanostatic CD curves at various current 
densities; (c) capacitance retention at 10,000 cycles at 2 A/g with first and 10000th CD 
plots in the inset; (d) Nyquist plot with a magnified view at high-frequency region. 
2.4 Conclusions 
In summary, various aliphatic amine molecules were used to functionalize 
graphene via a two-step hydrothermal method. These highly reactive amine molecules 
could form covalent linkages on graphene that effectively suppress the aggregation of 
graphene sheets. The controllable interlayer spacing with varied pore sizes significantly 
promotes the diffusion and anchoring of electrolyte ions. In addition, the interlayer spacing 
was found to have small change before and after the GO reduction, indicating the 
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generation of stabilized 3D graphene networks. The incorporation of amino and hydroxyl 
groups can also adjust the surface energy of graphene, which serves to dramatically 
enhance the ion accessibility to the electrode.  With remarkable structural features, 
amine/rGO electrodes achieved an enlarged capacitance in aqueous and organic 
electrolytes with excellent cycling stability and charge transport capability. Furthermore, 
an ultrahigh specific capacitance of 119 F/g was obtained in ionic liquid electrolyte with 
ultrahigh energy density of 51 Wh/kg and slow self-discharge rate. Moreover, the DFT 
calculations revealed the electron distribution at the amine/graphene interfaces and overall 
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CHAPTER 3. MOLECULAR LEVEL STUDY OF CONJUGATED 
GRAPHENE FRAMEWORK 
3.1 Introduction  
Introducing heteroatom-containing components (N, B, S) to graphene is an 
effective way to tune the graphene structure and enhance the capacitive values [78, 157, 
158]. The active functional groups on GO open up various chemical routes for the surface 
modification. For example, Lee et al. have used a diazonium salt to prepare modified 
graphene electrodes with specific capacitance of 210 F/g [159]. Yu’s group has utilized the 
acid-catalyzed cyclization chemistry to produce benzobisoxazole functionalized graphene 
networks [128]. Moreover, in situ oxidative polymerization processes have been reported 
to produce conductive polymers (polyaniline or polypyrrole) decorated graphene 
composites with a relatively high capacitance [160-162]. Nevertheless, conductive 
polymer chains are prone to structural breakdown during multiple redox processes, 
resulting in poor cycling stability [163].  
Phenylene diamines (PDs), also called “amino anilines”, have been widely 
employed in the field of electroanalytical detection, chemical synthesis and catalysis, and 
energy storage.[164-166]. Similar to aniline, phenylene diamines can also be oxidized 
chemically or electrochemically to corresponding oligomers or polymers, but their 
conductivity is several orders of magnitude lower than that of polyaniline [167]. Kuang et 
al. have reported a rGO/poly(p-phenylene diamine) composite with a specific capacitance 
of 347 F/g. The composite was prepared by grafting a monomer to chlorinated GO through 
amidation, followed by in situ polymerization and reduction.[168] Lee et al. also adopted 
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PDs as part of redox active electrolytes to study the electron transfer in nitrogen-doped 
(ND) graphene electrode [166]. Despite the simple synthesis of PD polymers and ND 
graphene from PDs, the chain length of polymers and the distributions of dopants are 
difficult to control. Therefore, it is of great significance to comparatively study the 
molecular level functionalization of graphene layers by PD molecules, taking advantage of 
the GO surface chemistry. PDs (donor) can serve as surface modifying agent to GO 
(acceptor) to facilitate the electron delocalization and enable electron transport at the 
donor-acceptor junction. By utilizing these PD isomers with different molecular 
geometries and electrochemical activities, the structure of graphene network and the effect 
of reversible redox processes can be better elucidated.   
Complementary to experimental characterizations, multiscale computational 
studies using molecular dynamics (MD) and density functional theory (DFT) calculations 
play a crucial role in the investigation of functionalized graphene system. Specifically, the 
molecular configurations under the given thermodynamic conditions can be characterized 
by classical force field (FF) based MD simulations, and the electronic structures can be 
explored by the quantum mechanical DFT calculations. For the functionalized graphene, 
the electronic interactions serve to reveal the electronic density distribution, and the 
electron density difference between isomers informs molecular interaction features in the 
atomic level. 
In this work, phenylene diamine isomers, o-phenylene diamine (OPD), m-
phenylene diamine (MPD), and p-phenylene diamine (PPD), were selected as the 
molecular spacers to experimentally and computationally study the chemical interactions 
and electrochemical properties of different PD/rGO networks. The binding of molecules to 
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GO was in situ monitored by thermal analysis. Combining XRD characterization and MD 
simulation, the interlayer spacing affected by PD geometries were investigated. The 
dynamic rheological study was performed to record the change of storage modulus, which 
provided evidence for the formation of stabilized graphene structure. The optimal loadings 
for each PD to obtain the highest capacitance values were determined. The redox 
transitions and the charge transport kinetics were also discussed based on electrochemical 
analysis and theoretical models to explain the large capacitance variation of the three 
PD/rGO electrodes.  
3.2 Experimental 
3.2.1 Materials synthesis  
GO was synthesized through a modified Hummers’ method. To prepare 
functionalized graphene, three phenylene diamine molecules, OPD, MPD, and PPD were 
used as the molecular spacers. 50 mg of GO was dispersed in 30 mL of water by sonication, 
and mixed with 0.1, 0.2, 0.5, 1, 2, and 4 mmol of diamine in 20 mL of water. Then the 
diamine/GO solutions were heated in a Teflon autoclave liner (80 mL volume) at 90°C for 
3 h, followed by 180°C for another 12 h. Afterwards, the diamine/rGO hydrogel was 
filtered, washed with water multiple times and dried in an oven at 55°C overnight. The 
rGO control sample was prepared by dispersing 50 mg of GO in 50 mL of water and reacted 
in an autoclave at the same condition as for PD/rGOs. The OPD/rGO, MPD/rGO, and 
PPD/rGO materials for characterization were made from 0.5 mmol of diamine with 50 mg 
of GO unless otherwise noted. 
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3.2.2 Materials characterization  
The morphology was visualized by SEM (Hitachi 8010) and TEM (JEOL 100 CX). 
Elemental analysis and electron energy loss spectroscopy (EELS) were carried out on a 
Tecnai F30 TEM. ATR-FTIR was performed on a Nicolet 6700 spectrometer, XPS was 
characterized by a Thermo K-Alpha XPS. The chemical reactions was monitored by DSC 
(TA Instrument Q 2000). UV-Visible (UV-Vis) spectra were obtained from a UV-2450 
spectrometer (Shimadzu), and X-ray diffraction patterns were acquired on an X’Pert 
Alpha-1 diffractometer. The dynamic rheological study of the materials were conducted on 
a Discovery Hybrid rheometer (TA Instruments), and the storage modulus was measured 
at 90°C under an oscillation mode.  
3.2.3 Electrochemical characterization  
The electrochemical measurements were performed on a Versastat electrochemical 
station (Princeton Applied Research) by using both two-electrode and three-electrode 
systems. For two-electrode testing, free-standing electrodes were prepared by mixing 90 
wt% of active materials with 5 wt% of carbon black and 5 wt% of PTFE binder in a few 
droplets of DI water. After homogenization, the resultant paste was cast into a film by high 
pressure rolling. Each electrode film had an average weight of (1 ± 0.2) mg with a size of 
6 mm in diameter, and the normalized density for the active material in each electrode was 
around 3.2 mg/cm2.  In the three electrode system, a Pt wire and Ag/AgCl electrode in 
saturated KCl solution were used as the counter and reference electrodes respectively. To 
prepare the working electrodes, the active materials and PVDF binder were mixed at the 
same ratio as in two-electrode preparation and dispersed in NMP solution. The 
concentration of the active materials was kept at 0.25 mg/mL. A 2 µL dispersion was 
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transferred onto a glassy carbon (GC, 0.07065 cm2 geometric area) and dried at 80°C 
before testing. For two electrode system, the specific capacitance was calculated from both 






where I is the current, V is the potential range, m is the total mass of two electrodes, and t 
is the discharge time. The specific capacitance in the three-electrode system was 






3.2.4 Computational model  
The computational models were configured to include the OPD, MPD, and PPD 
molecules with hydroxide adatoms on the reduced graphene surface so as to reflect the 
experimental assumption that the functionalization was accompanied by donating a 
hydrogen to neighboring oxygen atom on the reduced graphene. The concentrations of the 
PD isomers were determined to be 29.41 wt% for PPD and MPD, and 13.63 wt% ~ 20.44 
wt% for the OPD. In MD simulations, the dimension of the cell was determined to be 25.56 
Å × 22.14 Å for PPD and MPD, and 39.18 Å × 34.30 Å for OPD. Each slab structure was 
separated by ~40 Å vacuum space (Figure 3.1a-c). The phenyl ring of OPD tended to be 
placed in parallel to the graphene surface due to the disorderly bonded or non-bonded 
character.  
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Figure 3.1 Computational models of (a) PPD/rGO, (b) MPD/rGO, and (c) OPD/rGO for 
the molecular dynamics simulations; unit models of (d) PPD/rGO, (e) MPD, and (f) OPD 
for the DFT calculations. Figure courtesy of Dr. Ji Il Choi. 
To describe the sp2 hybridized carbon form in graphene, we adopted an sp2 graphite 
carbon force field.[169] The van der Waals interactions between heterogeneous atomic 
pairs were calculated from the geometric mean of associated parameters provided by an 
universal force field (UFF) [170]. The molecular dynamics simulations were performed in 
a canonical ensemble (NVT) type in which Nose-Hoover thermostat [171, 172] was used 
to control the temperature, and a particle-particle particle-mesh Ewald (PPPM) method was 
used in periodic cells for long-range interactions. Required atomic partial charges for 
electrostatic interactions were calculated using a charge equilibration (QEq) method [173]. 
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LAMMPS package [174] was used for the simulations. To obtain simulated XRD patterns, 
we removed the vacuum space from each model and optimized the geometries. 
DFT calculations was used to investigate the electron density difference and 
electron density of states (DOS) of the PD/rGO structures. We used a projector augmented 
wave method (PAW) [175, 176] within the plane wave basis set to describe the interaction 
between ion cores and valence electrons. The Perdew-Burke-Ernzerhof (PBE)[177] 
exchange correlation function was used, as implemented in Vienna Ab-initio Simulation 
Package (VASP) [178, 179]. The Brillouin zone was sampled for the 331 k-point mesh 
for the geometry optimizations within the Monkhorst-Pack scheme[180] with plane-wave 
energy cutoff of 450 eV. As shown in Figure 3.1(d-e), optimized geometries of the PPD 
and MPD/rGO systems had an equivalent surface dimension of 7.38 Å × 7.38 Å with a 20 
Å vacuum space introduced between graphene stacks though the periodic boundaries; 
whereas the optimized equivalent surface dimension for OPD/rGO was 14.76 Å × 14.76 
Å. Refined 6×6×1 Monkhorst-Pack k-point mesh was adopted to compute the electronic 
density of states. The pairwise dispersions were corrected by the DFT-D3 method by 
Grimme et al [181].  
3.3 Results and Discussion 
3.3.1 Surface analysis  
As shown in Figure 3.2(a-c), functionalized graphene had wrinkled/wavy form of 
sheets with 3D porous structures upon molecular level modification. Particularly, the 
MPD/rGO and PPD/rGO exhibited thin graphene layers with low contrast images, 
indicating the effective exfoliation of the graphene sheets; while the OPD/rGO exhibited 
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thicker graphene sheets, showing the possible stacking of OPD molecules. The TEM 
images (Figure 3.2(d-e)) also reflected the ultra-small thickness of the graphene samples 
due to the semi-transparent images. The uniform distribution of the amino groups on 
graphene was visualized by elemental mapping of N and C atoms in an energy-filtered 
TEM (Figure 3.3). According to the electron energy loss spectroscopy (EELS), the atomic 
composition of N atoms were estimated to be 7.5~8.6%.   
 
Figure 3.2 (a-c) SEM images and (d-f) TEM images of the OPD/rGO, MPD/rGO, and 
PPD/rGO materials, respectively. 
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Figure 3.3 (a) Bright field TEM image and (b) energy-filtered TEM image of PPD/rGO. 
Red dots and blue dots represent the C and N respectively. Black area is the background; 
(c) EELS spectrum obtained from the area shown in (a). 
3.3.2 Reaction mechanism and chemical bonding   
Based on previous literatures, three possible reactions between GO and amines 
were proposed: (1) condensation reaction between amines and carboxylic acids to form 
amides (-CONH-); (2) acid-base reaction of amines and carboxylic acids to form 
ammonium salts (-COO-NH3
+) ; (3) nucleophilic substitution between amino groups and 
epoxy groups.[122] However, FTIR and XPS results were insufficient to explain the 
reaction mechanism [122, 182, 183]. Therefore, DSC was used to in-situ monitor the heat 
profile accompanied by the chemical reaction. All the three reactions listed above were 
exothermic, in which exothermic profiles are expected to appear in DSC curves. Biphenyl 
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4,4’-dicarboxylic acid and an epoxy resin (bisphenol A type, Hexion Specialty Chemicals) 
were selected as reference materials with bi-functional carboxylic acid and epoxide groups. 
These materials were mixed with PPD molecules at 1:1 stoichiometric ratios of the 
functional groups and heated from 40°C to 250°C. In Figure 3.4a, the PPD/BDA mixture 
presented only a sharp endothermic peak at 142°C, which corresponded to the melting of 
the PPD molecules. This indicated that PPD molecules simply underwent a phase change 
and did not react chemically with the carboxylic acid. On the contrary, the PPD/epoxy 
mixture showed a broad exothermic peak from 90°C to 150°C (Figure 3.4b), which can be 
attributed to the reaction between amino groups and epoxide groups. Moreover, the melting 
behavior of PPD was not observed since the molecules already reacted with epoxy groups 
before the melting point. These results provided a clear evidence that aromatic amines 
prefer to react with epoxide groups via nucleophilic substitution. The mixture of aromatic 
amines and GO were also tested by DSC, and similar exothermic peaks were observed due 
to the ring-opening reaction of the epoxide groups (Figure 3.4c). The endothermic peaks 
at 58°C and 85°C refer to the melting of MPD and OPD molecules before the reaction. The 
exothermic peaks were centered at 102°C, 109°C, and 123°C for PPD, OPD, and MPD 
functionalized rGOs, respectively, which suggested that the chemical reactivity towards 
epoxide groups on GO be in the sequence of PPD>OPD>MPD. 90°C, the onset 
temperature for the exothermic reaction, was used as the temperature for the first step 
hydrothermal process, which enabled the covalent grafting of amino groups while 
minimizing the reduction degree of GO. The sharp endothermic peaks at ~ 150°C might 
arise from the decomposition of unreacted oxygen groups on GO. The prominent 
endothermic profile was also observed for pure GO, as shown in Figure 3.4d.  
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Figure 3.4 DSC curves of (a) PPD/biphenyl di-carboxylic acid mixture, (b) PPD/epoxy 
mixture, (c) OPD/GO, MPD/GO, and PPD/GO mixtures, and (d) GO in N2 at heating rate 
of 10°C/min. 
The chemical bonding of PD/rGO was verified by ATR-FTIR (Figure 3a). The peak 
at 1543 and 896 cm-1 corresponded to the stretching and wagging modes of –NH group in 
the C-NH chemical bonds [184, 122]. In addition, the peak intensity of the epoxy group 
reduced after functionalization, implying the possible reaction of amino groups at epoxide 
sites on GO surfaces.  
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Figure 3.5 ATR-FTIR spectra of GO and PD/rGOs.  
XPS was used to further characterize the degree of functionalization. From the 
survey spectra (Figure 3.6a), the atomic percentage of N was determined to be 7.6% for 
PPD/rGO, which was consistent with the results obtained from elemental mapping.  The N 
contents for OPD/rGO and MPD/rGO were found to be 9.2% and 7.2% respectively. 
Considering an average 8% of N and 10% of O (atomic percentage) in PD/rGO, the weight 
percentage of PD was around 32% at 0.5 mmol of molecular loading. These values 
provided an estimation on the degree of functionalization on graphene. The N content at 
different PD loading levels were also determined (Figure 4b). It can be seen that the N 
percentage increased sharply as the initial addition of PDs and gradually slowed down 
above 1 mmol. At high molecular loadings, the majority of the epoxide groups were reacted 
and the residual PD molecules were stacked within graphene network via non-covalent 
𝜋 − 𝜋 interaction [185, 68, 186]. It was found that the N percentage in OPD/rGO was 
higher than that in MPD/rGO and PPD/rGO at high molar ratios, which can be probably 
explained by the following two reasons. First, for three types of PD isomers, it required 
different molarities of each PD molecule to fully react with same amount of GO to reach 
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an equilibrium state. Specifically, the PPD and MPD were likely to crosslink between 
graphene sheets with both amino groups reacted, while only one amino group in OPD 
molecules could possibly react due to the large steric hindrance. In this sense, larger 
quantity of OPD molecules was needed to consume all the epoxide groups than PPD and 
MPD. Second, OPD molecules tended to lie down on (align more horizontal to) graphene 
sheets to increase the likelihood of 𝜋 − 𝜋 interactions by having more effective p orbitals 
overlapping. At high molar loadings, additional OPD molecules can be further stacked 
within graphene sheets to stabilize the molecular orbitals. Nevertheless, it is 
thermodynamically favorable for PPD and MPD molecules to bond perpendicularly to 
graphene sheets, making it difficult for the accumulation of PPD or MPD molecules via 
𝜋 − 𝜋 interactions between aromatic amines and grapheme sheets.  These explanations will 
be further discussed in later section.  
 
Figure 3.6 (a) XPS survey spectra of OPD/rGO, MPD/rGO, and PPD/rGO at the molar 
loading of 0.5 mmol; (b) N percentage of the PD/rGO composites made from different 
PD loadings.  
For high resolution C1s spectra (Figure 3.7a), the high-intensity peak centered at 
284.8 eV represented the sp2 hybridized graphitic carbon. Three peaks located at 286.1, 
  82 
287.7 and 289.2 eV were assigned to C=N/C-O, C-N, and O-C=C groups, respectively. 
Complementary to FTIR, the presence of C=N/C-N bonds implied the covalent linkage of 
amino groups on graphene. The nature of N-containing functionalities was illustrated by N 
1s spectra, and the spectra can be deconvoluted into three peaks: the benzoid amine (-NH-
) at 399.6 eV, the quinoid amine (-N=) at 398.6 eV, and cationic radical (-N+=) at 401 eV 
[129]. These aromatic structures can be associated with multiple electronic states that 
change the charge transfer efficiency. Integration of these peaks revealed that 52.9% of N 
was in the form of benzoid amine, 19.6% in quinoid amine, and 27.5% in cationic radical 
for PPD/rGO; while smaller portions of quinoid amine (15.1%) and cationic radical 
(14.9%) were found for MPD/rGO. PPD molecules covalently bonded to graphene can be 
seen as an analogy to a short segment of polyaniline, and an increasing amount of N 
cationic radicals and quinoid-to-benzoid ratio led to a higher conductivity of polyaniline 
[187, 188, 129]. Similarly, larger portions of the quinoid imines and cationic radicals 
implied that PPD/rGO could be more electrochemically active and electrically conductive 
than MPD/rGO.  
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Figure 3.7 High resolution (a) C1s for PPD/rGO; deconvoluted N1s spectra for (b) 
PPD/rGO, (c) OPD/rGO, and (d) MPD/rGO.  
UV-Vis absorption spectroscopy was used to study the conjugated network (Figure 
3.8). For GO, two characteristic peaks showed up with a maximum at 229 nm due to 𝜋 −
𝜋∗ transition of aromatic structure and a shoulder peak at 305 nm due to the 𝑛 − 𝜋∗ 
transition of C=O bonds [189]. The absorption maximum shifted to 259 nm for rGO as the 
conjugated graphene backbone was restored. The absorption features appeared at 279 nm, 
265 nm, and 267 nm for PPD, MPD and OPD functionalized graphene, respectively. The 
red-shift of the 𝜋 − 𝜋  ∗ transition peaks indicated that the aromatic amines covalently 
interacted with graphene sheets to form larger 𝜋 conjugated networks. Upon the formation 
of covalent linkage, the electron lone pairs on amino groups can be delocalized into the 
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graphene sheets, thus increasing the overall electron density in the conjugated system. The 
PPD/rGO, with the biggest red-shifted value, reflected the highest degree of the electronic 
conjugation among the modified graphene, which has also been evidenced by the rich 
quinoid imine and cationic radical structures in XPS. For the PD/rGO materials, broad 
shoulder peaks were observed at wavelengths above 400nm, which can be explained by 
the charge transfer between the electron donors (aromatic amines) and electron acceptors 
(graphene) when the molecules are in close proximity (≤4 Å) [190].  
 
Figure 3.8 UV-vis absorption spectra of (a) GO, rGO, and PD/rGOs, (b) OPD, MPD and 
PPD isomers.  
3.3.3 Crystalline structure analysis with MD simulation  
Structural evolution of the PD modified graphene was investigated by the change 
of storage modulus, which provided an evidence on the formation of cross-linked graphene 
structures. The storage moduli of the GO and PD/GO mixtures were obtained upon 
isothermal treatment at 90°C (Figure 3.9). GO solution had a negligible change of storage 
modulus (~10 Pa), while the addition of PD molecules resulted in a dramatic increase of 
storage modulus. After 5 min, the maximum modulus of 13,680 Pa was obtained for 
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PPD/rGO, which was three orders of magnitude higher than that of GO. MPD molecules 
could also adjust its orientation to partially crosslink graphene sheets, leading to storage 
modulus over 6000 Pa; while OPD was likely to bond onto one side of graphene or 
intercalated between stacked graphene sheets in non-bonding form, thus having the 
smallest modulus increase. 
 
Figure 3.9 Dynamic rheological measurements of GO and PD/GO mixtures with storage 
modulus vs time. 
XRD patterns were obtained to study the effect of the molecular spacers on 
interlayer d-spacing (Figure 3.10). As for rGO, only one peak appeared at ~25.9°, which 
was attributed to the restacking of the graphene sheets.  The diffraction peaks of PPD/rGO 
and MPD/rGO occurred at smaller angles of 6.3° and 6.8°, which can be converted to d 
spacing of 1.41 nm and 1.30 nm, respectively. The significant enhancement of interlayer 
spacing was achieved due to the covalent grafting of PPD and MPD as molecular spacers. 
The emergence of low-angle (<11°) 2θ peaks, in conjugation with the enlarged storage 
modulus, implied the formation of crystalline and partially crosslinked graphene structure. 
For OPD/rGO, two new peaks were observed at 14.5° and 20.7°, corresponding to d 
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spacing of 0.61 nm and 0.43 nm. It is believed that OPD was disorderly bonded or 
physically adsorbed to the graphene surface, leading to irregular and variable interlayer 
spacing. 
 
Figure 3.10 Experimental XRD patterns of rGO and PD/rGOs. 
Molecular dynamic (MD) simulations were performed to theoretically elaborate the 
molecular geometries of the functionalized graphene. The computational models were 
based on the assumption that PD isomers were uniformly distributed on graphene (Figure 
3.11a). Therefore, only characteristic XRD peaks showing the inter-layer dependence of 
the peaks were considered. As shown in Figure 3.11b, the simulated d spacing of 1.47 nm 
(PPD/rGO) and 1.39 nm (MPD/rGO) agreed well with the experimental data, which 
confirmed the highly stable graphene nanostructure. In addition, the simulation revealed 
that molecular density of 25 wt% or higher was necessary to secure the d spacing of 1.47 
nm for PPD/rGO (consistent with the weight percentage quantified by XPS). Reducing the 
PPD loading to 22 wt% would decrease the d spacing to less than 1.35 nm. According to 
the simulated OPD/rGO pattern, two major peaks at 12.95° and 19.5° corresponded to d-
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spacing of 0.63 nm and 0.37 nm, respectively, which matched experimental results well. 
The existence of multiple XRD peaks of the OPD/rGO particularly stemmed from the 
disorderly bonded or non-bonded OPD molecules to graphene, which led to variable 
interlayer distances with a fluctuating surface morphology.  
 
Figure 3.11 (a) Simulated configurations of the PD/rGO networks; (b) simulated XRD 
patterns of rGO and PD/rGOs. Figure courtesy of Dr. Ji Il Choi. 
The formation energy of the PD/rGO structures was evaluated and compared using 
DFT, as shown in Figure 3.12. The relative energy values were referenced to that of 
PPD/rGO and calculated by the following equation,  
 𝐸𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 = 𝐸𝑡𝑜𝑡𝑎𝑙 − 𝐸𝑖𝑠𝑜𝑚𝑒𝑟 − 𝐸𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 + 𝜇(𝐻) (10) 
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where Etotal represents the total energy of PD/rGOs, Eisomer and Egraphene represent the energy 
of individual PD isomer in a vacuum and the pristine graphene surface, respectively. The 
chemical potential of atomic hydrogen, µ(H), was obtained from hydrogen molecules in 
vacuum. The formation energy plot confirmed that the PPD/rGO was the most 
thermodynamically stable form, while the formation of stabilized OPD/rGO required the 
highest amount of energy. 
 
Figure 3.12 Relative formation energy plot of the PD/rGO structures. The energy level of 
PPD/rGO was set to the reference. Figure courtesy of Dr. Ji Il Choi. 
3.3.4 Structure-dependent electrochemical properties  
Electrochemical properties of the OPD, MPD and PPD/rGO thin film electrodes 
were evaluated in two-electrode coin cells. To achieve the best electrochemical 
performance, the effect of molecular loading was systematically studied. It was determined 
that the composites made from 50 mg of GO with 0.5 mmol (54 mg) of PDs had the highest 
specific capacitance values. Figure 3.13 (a-c) showed the CV curves of PD/rGO (optimized 
ratio) electrodes in 1 M H2SO4 electrolyte at scan rates from 2 mV/s to 100 mV/s. It can be 
seen that all the electrodes exhibited a distinct hump due to reversible redox transitions of 
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the grafted aromatic amines, indicating strong pseudocapacitive characteristics in addition 
to EDL capacitance.  
For the PD/rGO electrodes, the calculated capacitances at different scan rates were 
shown in Figure 3.13 (d-f). For all three types of electrodes, the capacitance variation 
followed a similar trend: a gradual increase as the initial addition of amines, reaching a 
maximum at 0.5 mmol loading and declining upon further loading. At the optimized PPD 
loading, the maximum capacitance of 422 F/g was achieved at 2 mV/s, which had more 
than 3-fold increase in comparison to rGO control electrode. As scan rates increased, the 
specific capacitance dropped to 412 F/g at 10mV/s and 374 F/g at 50 mV/s. At fast scan 
rates of 100 mV/s, the capacitance (339 F/g) maintained 80% of the maximum values at 
slow scan rates, demonstrating its capability to handle high-power output. These 
outstanding capacitive properties can be explained by the synergistic effect of the enlarged 
interlayer spacing facilitating the fast ionic diffusion and pseudocapacitive redox 
transitions. When the PPD loading exceeded 0.5 mmol, most of the epoxide groups were 
consumed by PPD. The residual PPD molecules might be physically attached onto 
graphene surfaces, or possibly reacted with themselves to form PD oligomers, causing the 
aggregation at interlayer spaces [167]. The excessive loading of the PPD might destroy the 
structural integrity of the graphene network, leading to a large decrease of capacitance 
values. In spite of the capacitance drop, it is interesting to note that an improved capacitive 
rate performance was obtained at 2 mmol and 4mmol PPD loadings (only 15% of 
capacitance loss as the scan rates increased from 2 mV/s to 100 mV/s). It is proposed that 
stacking of residual PPD or its derivatives might provide extra ion transfer channels, 
promoting the charge propagation at high scan rates.  
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Figure 3.13 CV curves of (a) PPD/rGO, (b) OPD/rGO, and (b) MPD/rGO electrodes at 
optimized PD loading at scan rates from 2 to 100 mV/s; plots of specific capacitance of 
(d) PPD/rGO, (e) OPD/rGO, and (f) MPD/rGO electrodes with different PD loadings at 
various scan rates. 
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Similar to PPD/rGO electrodes, the CV curves of OPD/rGO exhibited broad redox 
peaks at the OPD loading below 1 mmol, indicating the reversible redox transitions of the 
OPD molecules. At 0.5 mmol OPD loading, OPD/rGO electrode delivered the largest 
capacitance of 281 F/g at 2 mV/s, and 63% of the capacitance (178 F/g) was maintained as 
the scan rate increased to 100 mV/s, both of which were much smaller than those of 
PPD/rGO. These results implied that fast charge transfer pathways were not established 
since most OPD molecules laid down on graphene sheets rather than functioned as 
molecular spacers. As the continuous addition of OPD (2 mmol and 4 mmol), the electrode 
became increasingly disordered due to the aggregation of OPD molecules and their 
derivatives. The disorderly bonded OPD and possible OPD derivatives might be 
responsible for the multiple redox peaks observed in CV curves [167, 191]. From Figure 
3.13e, it can be seen that MPD/rGO electrodes presented more rectangular-shaped CV 
curves than those of PPD/rGO and OPD/rGO, indicating the significant capacitance 
contribution from EDL capacitance. A pair of redox peaks were observed for all MPD/rGO 
electrodes as well. At an optimized MPD loading, the maximum capacitance was 
determined to be 311 F/g, which was higher than that of OPD/rGO, but much lower than 
that of PPD/rGO. Although MPD/rGO demonstrated enlarged interlayer spacing, the lower 
electrochemical activity of the 1,3 substituted MPD molecules resulted in weaker redox 
transitions. The capacitance of PD/rGO electrodes were compared with other amine 
functionalized graphene electrodes in literature and summarized in Table 3.1. 
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Table 3.1 Comparison of the specific capacitance of PD/rGO electrodes with other amine 






Electrolyte   
Specific 
Capacitance (F/g)   
NH2-G [192] NH3 Three-electrode 
(on glassy carbon) 
0.5 M H2SO4 218 
rGH [119] Ethylene diamine Two-electrode 
film 





(on Pt foil) 
1 M H2SO4 210 
GOBIN [193] Benzenetetraamine 
Two-electrode 
(coated on gold 
grid) 






(on glassy carbon) 

































1 M H2SO4 422 
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Figure 3.14 Illustration of the possible charge transition states for three PD/rGO 
electrodes. 
Figure 3.14 shows the chemical structures of the reversible charge transfer states 
when PD molecules were bonded to graphene. In acidic electrolyte, OPD and PPD can 
undergo reversible charge transfer between benzoid diamine and quinoid diimine with four 
resonance structures coexisted in the intermediate state. In contrast, the conjugated diimine 
structure cannot be formed for MPD, and fewer stable intermediate states were involved 
during the charge transfer processes.  
To validate the charge transfer characteristic, electrochemical tests were conducted 
in 1M H2SO4 electrolyte at 50mV/s in three-electrode set-up. In Figure 3.15a, rGO 
electrode exhibited near rectangular CV curves, whereas multiple redox peaks were 
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observed for PD/rGO electrodes, indicative of the pseudocapacitive transitions. A weak 
redox peak at 0.7 V was in common for all PD/rGO. For MPD/rGO, the prominent redox 
peak appeared at ~0.58 V.  In comparison, two obvious redox peaks were observed in 
PPD/rGO and OPD/rGO. The results indicated that PPD/rGO and OPD/rGO electrodes, 
with larger number of charge transition states, might contribute to greater 
pseudocapacitance. The specific capacitance was calculated to be 367 F/g, 372 F/g, and 
473 F/g at 50 mV/s for OPD, MPD and PPD functionalized rGOs, which followed the same 
trend as two-electrode test: PPD/rGO≫MPD/rGO>OPD/rGO. The higher capacitance 
values were due to the nature of the three-electrode system. As a reference, the CV curves 
of the pure PD molecules were shown in Figure 3.15b. Similarly, two pairs of redox peaks 
were observed in PPD/rGO while only one pair of redox peaks were seen in MPD/rGO. 
The results from three-electrode tests were in accordance with the possible charge transfer 
states in Figure 3.14. In summary, the highest capacitance values of PPD/rGO electrode 
can be attributed to the well-interspaced graphene network for EDL capacitance and 
multiple reversible charge transitions for pseudocapacitance. The MPD/rGO electrodes 
provided an enlarged graphene interlayer spacing, but the limited charge transition states 
brought down the pseudocapacitive charge storage. Although OPD molecules had multiple 
charge transition states, the disorderly bonded or non-bonded structures would hinder the 
mobility of the charges due to aggregation of the molecules between graphene layers, 
resulting in lower capacitive values.   
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Figure 3.15 CV curves of (a) rGO and PD/rGO electrodes, and (b) PD isomers tested in 
1M H2SO4 electrolyte at scan rate of 50 mV/s in three-electrode system. 
Figure 3.16 (a-c) shows the galvanostatic charge/discharge profiles of PD/rGO 
electrodes at current densities from 0.5 A/g to 10 A/g. The quasi-linear curves 
corresponded to the reversible pseudocapacitive redox reactions [194]. Based on CD 
curves, the specific capacitance was calculated to be 252 F/g, 300 F/g, and 416 F/g at 0.5 
A/g for OPD, MPD, and PPD modified rGO, which agreed well with the values obtained 
from CV curves at similar discharge time (Figure 3.16d).  
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Figure 3.16 Galvanostatic charge/discharge curves of (a) PPD/rGO, OPD/rGO, and 
MPD/rGO at current densities from 0.5 to 10 A/g; (d) plots of the specific capacitance of 
PD/rGO electrodes (0.5 mmol PD loading) calculated from both CV and 
charge/discharge curves. 
The cycling stability tests of the electrodes were performed at current density of 2 
A/g (Figure 3.17). It is known that pseudocapacitive materials typically have a poor cycling 
stability due to structural degradation during the redox processes. For PPD/rGO and 
MPD/rGO electrodes, the molecular spacers grafted (partially crosslinked) between 
graphene layers can effectively strengthen the structural stability of the graphene network 
while ensuring the fast charge transport. Therefore, both electrodes achieved high cycling 
stability with over 89% capacitance retention after 10,000 cycles, which showed better 
performance compared with graphene/polyaniline composites [129, 74, 160]. In contrast, 
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the OPD/rGO had a larger decay of capacitance after long-term cycling tests due to the 
disordered graphene nanostructure. 
 
Figure 3.17 Cycling stability of the PD/rGO electrodes under 10000 charge/discharge 
cycles. 
EIS was employed to study the resistive behavior and charge transfer kinetics of 
the electrode. As shown in Figure 3.18(a-c), the semicircle at high-frequency region of 
Nyquist plots represented the charge transfer resistance at the electrode/electrolyte 
interface, and the almost vertical lines at a low frequency region reflected the ionic 
diffusion within the electrodes [195, 131]. The series resistance, Rs, was found to be below 
0.6 Ω for almost all electrodes, indicating high conductivity of the electrodes and the low 
contact resistance between electrodes and current collectors. The charge transfer resistance, 
Rct, represents the total resistance at the electrode/electrolyte interface [136]. At 0.5 mmol 
loading, the Rct was as low as 2.0 Ω and 2.3 Ω for PPD/rGO and MPD/rGO, and a higher 
Rct value of 3.9 Ω was recorded for OPD/rGO.  In particular, the OPD/rGO electrodes 
displayed an extended Warburg impedance region, which resulted from the slow ionic 
diffusion at the electrode/electrolyte interfaces [136]. The smaller Rct values at high 
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molecular loadings of PPD and MPD can be explained by the formation of more charge 
transfer pathways. The Nyquist plot of rGO was also presented in Figure 3.18d, and the 
larger Rct further demonstrated the improved charge transfer features of the PD/rGO.  
 
Figure 3.18 Nyquist plots of (a) PPD/rGO, (b) OPD/rGO, (c) MPD/rGO, and (d) rGO 
electrodes in the frequency range from 100 kHz to 10 mHz; inset is the magnified plots at 
high frequency region. 
3.3.5 DFT calculations  
In conjugation with the electrochemical analysis, DFT calculations were carried out 
for the PD/rGO at given molecular density to investigate electronic structures and charge 
transfer features. During the DFT calculation, the configuration of the graphene networks 
was based on the simulated results (Figure 3.11), keeping the interlayer distance constant. 
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Figure 3.19(a-c) illustrated the electron density difference of the PD functionalized 
graphene networks. It was found that the electronic interactions of the PD molecules were 
closely associated with the molecular geometries. For PPD/rGO, a prominent feature was 
obtained that the net electron density was preferably distributed on the interaction region 
connecting the PPD molecules through the π-π interactions of the phenylene rings. The 
existence of this electron rich region could provide a fast charge transfer pathway between 
graphene layers. In contrast, the electron density was primarily distributed on individual 
molecule in MPD and OPD/rGO. The localized electronic distribution on MPD or OPD 
molecules implied a different electronic interaction features compared to that of PPD/rGO. 
To investigate the interacting atomic orbitals, the distribution of the highest occupied 
molecular orbitals (HOMOs) of the PD/rGO was calculated, as shown in Figure 3.19(d-f). 
The results revealed that the grafted PPD and MPD molecules presented a similar atomic 
origin with different symmetries in HOMO distribution. Anisotropic distribution of the 
HOMO energy levels in grafted MPD led to a different molecular alignment in comparison 
to grafted PPD, which further explained the discrepancy in electronic interaction features. 
The most preferable geometries of the grafted PPD and MPD in molecular interactions are 
displayed in Figure 3.20. It should be mentioned that this model was obtained by the energy 
miniaturization using DFT calculation, and geometries could vary when other 
thermodynamic factors were considered. 
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Figure 3.19 Electron density difference calculated for (a) PPD/rGO, (b) MPD/rGO, and 
(c) OPD/rGO. PPD/rGO shows unique density linkage between the PPD molecules. 
HOMO levels are illustrated at (d) ~ (f) for the PPD/rGO, MPD/rGO, and OPD/rGO, 
respectively. Figure courtesy of Dr. Ji Il Choi. 
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Figure 3.20 Interaction geometries of (a) PPD and (b) MPD. The PPD shows highly 
symmetric configuration compared to that of MPD. The insets illustrate the optimized 
atomic geometries, and the distance and angles were measured from the snapshots. Figure 
courtesy of Dr. Ji Il Choi. 
The electronic density of states (DOS) were studied to further elucidate the 
electronic structure of PPD/rGO and MPD/rGO systems. Projected electron density of 
states (PDOS) provided information about the electronic DOS at given energy levels, or 
the specific energy level of contributing atoms, particularly at the Fermi level in this study. 
As depicted in Figure 3.21, total DOS of PPD and MPD/rGO presented an identical feature 
in the DOS near the Fermi level. However, it was found that nitrogen 2p orbital of the PPD 
molecule contributed to a higher electron density at the Fermi level compared to that of 
MPD. The results also indicated that electronic energy levels were dependent on the 
position of amine groups on PD molecules.  
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Figure 3.21 Electron density of states near the Fermi level for the (a) PPD/rGO and (b) 
MPD/rGO. Nitrogen 2p orbital of PPD shows well-developed DOS at the Fermi level 
compared to that of MPD. The Fermi level is adjusted to zero. Figure courtesy of Dr. Ji Il 
Choi.  
3.4 Conclusions 
Three phenylene diamine isomers were used to fabricate chemically modified 
graphene networks with various structural and electrochemical features. With different 
molecular geometries, PPD and MPD molecules could efficiently enlarge graphene 
interlayer spacing to 1.41 nm and 1.30 nm respectively; while OPD molecules showed 
disorderly bonded or non-covalently bonded structures. Simulated XRD analysis was in 
good agreement with the experimental measurements and predicted the prominent curved 
surface morphology of OPD/rGO. Among the three PD/rGO structures, PPD/rGO 
presented the highest specific capacitance of 422 F/g, which can be attributed to the 
synergistic effect of well-spaced graphene configuration, multiple redox transitions and 
rapid charge transport through the graphene networks. In comparison, the lower 
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capacitance of MPD/rGO could be explained by the limited number of redox transitions 
for pseudocapacitance, and the disordered/aggregated structure led to the poor capacitive 
properties of OPD/rGO. DFT calculations were performed to further investigate the 
electronic structures of PD/rGOs. The unit binding geometry study showed that the 
interactions of the PPD molecules within graphene networks produced a continuous 
electron density distribution, while interaction of MPD molecules produced anisotropic 
binding geometries showing weak interaction features. In addition, electron density of 
states for nitrogen 2p orbitals showed that more amplified electron density states existed at 
the Fermi level of PPD/rGO compared to those of MPD/rGO. The comprehensive 
understanding of conjugated PD/rGO networks will be beneficial for the design of 
graphene-based covalent organic frameworks (COFs) for energy storage applications. 
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CHAPTER 4. FLEXIBLE MICRO-SUPERCAPACITORS AS 
MINIATURIZED ENERGY STORAGE DEVICES  
4.1 Introduction 
In an attempt to miniaturize the energy storage units for flexible and portable 
electronics, micro-supercapacitors (MSCs) have been recently developed with excellent 
electrical and mechanical compatibilities [196, 99, 100, 197].  In contrast to traditional 
sandwich assembled supercapacitors, MSCs are based on two-dimensional interdigitated 
patterns.  The unique design of microelectrode patterns in planar geometry has achieved 
significant size reduction and superior charge transfer characteristics, which enables the 
direct integration of MSCs into other electronic devices for high energy and power 
supplies.   
Recently, several fabrication methods have been reported to make micro-
supercapacitors using graphene-based materials. El-Gao and Katy et. al. have developed a 
laser scribing approach to convert graphene oxide (GO) film into interdigitated graphene 
patterns [198, 149]. Lin et. al. have used a combination of chemical vapor deposition 
(CVD) and lithographic techniques to fabricate graphene/CNT composite [199].  To make 
bendable and wearable energy storage devices, patterned graphene materials have also 
been made on a flexible polyethylene terephthalate (PET) substrate [200]. However, the 
substrate transfer process is complex and difficult to control. Moreover, for some of the 
aforementioned approaches, the high temperature requirement and photolithographic 
processing are not cost effective for large-scale production.  Therefore, a facile solution-
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processible approach at low temperature is highly desirable for cost-effective and scalable 
MSC fabrication [201].  
To achieve the desirable electrochemical properties of the MSCs, a variety of 
nanostructured materials have been studied. Different carbon structures including onion-
like carbon, carbide-derived carbon, carbon nanotubes have been used for EDLCs, while 
conductive polymers such as polyaniline (PANI) and polypyrrole have been used for 
pseudocapacitors [99, 100, 202-204]. Graphene has been regarded as an excellent electrode 
material for EDLCs owing to its superior charge carrier mobility, mechanical strength and 
large surface area [205, 206, 61]. In addition, a pseudocapacitive material, particularly 
polyaniline (PANI), has been incorporated into graphene network to form composite 
materials with improved specific capacitance [207, 208, 129, 209]. For example, it has 
been reported the covalent grafting of amino groups onto graphene oxide (GO) followed 
by an in-situ polymerization of PANI achieved a maximum specific capacitance of 500 F/g 
[162, 70]. Non-covalent treatment has also been used to exfoliate graphene sheets via π-π 
interactions and electrostatic forces between negatively charged conductive polymer and 
graphene. [210] Despite the unique structural and electrical properties of these 
graphene/PANI composites, the poor dispersion in aqueous solution poses limitations for 
its application in MSC fabrication through stencil printing and spin coating. The stable 
aqueous dispersion is the prerequisite to achieve thin-layer deposition with high 
uniformity. In this sense, a water-soluble graphene/polyaniline composite will be of great 
importance for the practical application of the electrode materials in MSC. 
In this study, a water-dispersible graphene/sulfonated polyaniline (SPANI) 
structure (rG/SP) was developed as the electrode material to fabricate flexible micro-
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supercapacitors with high energy density using a combination of spin coating, shadow 
masking, and plasma etching methods. The hydrophilic nature of the rG/SP allows the 
direct thin-film deposition on a flexible substrate by spin coating without further chemical 
or thermal treatment, which provides the possibility for fast and large-scale fabrication. 
Moreover, pre-designed shadow mask was used for the formation of interdigital patterns, 
which presents obvious advantages over traditional multiple-step photolithography 
processes. The as-fabricated rG/SP-MSC delivered an ultrahigh volumetric capacitance of 
16.55 F/cm3 with excellent cycling performance. Remarkably, the flexible MSC device 
also demonstrated exceptional electrochemical stability under multiple bending and 
twisting cycles, which presents tremendous suitability for flexible and portable energy 
storage. 
4.2 Experimental 
4.2.1 Materials preparation  
GO was prepared using the Hummers’ method. SPANI was synthesized by 
sulfonation of emeraldine salts as previously reported [211, 212]. In a typical process, 
emeraldine salts were prepared by oxidizing aniline monomer in 1.2 M hydrochloric acid. 
The resulting emeraldine salts (3g) were sulfonated by 7.27 g chlorosulfonic acid in 100 
ml 1,2-dichloroethane at 80°C for 5 h followed by hydrolysis in 150 ml water at 100°C for 
4 h.  Finally, the concentrated precipitates were washed by acetone and water, and dried 
under at 55°C overnight. For the rG/SP composite, 100 mg GO and 200 mg SPANI were 
dispersed in 100 ml DI water by sonication. Thereafter, 1 ml of hydrazine monohydrate 
was added to the water suspension of GO and SPANI and the suspension was stirred at 80 
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°C for 12 h. After cooling to room temperature, the rG/SP composite was obtained by 
vacuum filtration, washed repeatedly with water, and dried in oven at 55°C overnight. The 
effect of SPANI loadings into graphene structures was also investigated to optimize the 
electrochemical performance.   
Carboxylated graphene with good dispersion stability in aqueous solution was also 
prepared and used as the thin film materials for MSC. Highly conductive graphene powders 
were purchased from Institute of Coal Chemistry, Chinese Academy of Science. For 
carboxylated graphene (C/G) synthesis, 100 mg of graphene were added into an oxidizing 
solution containing 6 ml of concentrated sulfuric acid (98%) and 2 ml of nitric acid (70%), 
and stirred at room temperature for 1 h. The resultant C/G was washed repeatedly with 
copious amount of water by filtration and dispersed in water as stock solution before use. 
The fabrication processes to make C/G-MSC were the same as described previously. 
4.2.2 Fabrication of interdigitated patterns 
Kapton® FPC (flexible printed circuit) film (125 µm) was used as the flexible 
substrate, and treated in UV-Ozone (Novascan) chamber for 30 min before use. The rG/SP 
dispersion was sonicated for 1 h and spin coated (1000 rpm, 30s; MTI Corp.) on a UV 
treated Kapton substrate. A stainless steel stencil with a 10-finger interdigital pattern (250 
µm finger width, 350 µm interspacing, MiniMicroStencil Inc.) was used as a shadow mask. 
To fabricate the current collector, 10 nm Ti (adhesion layer) and 200 nm Au were 
subsequently deposited on the rG/SP film by a Denton Explorer electron-beam evaporator 
at a rate of 3 Å/s. Then the remaining films uncovered with Au were etched away by O2-
plasma in a Plasma-Therm RIE system for 10 min (250 W, 100 mTorr). Finally, 10 wt% 
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H2SO4/PVA electrolyte was drop-casted on the microelectrodes and dried overnight to 
form the gel. 
4.2.3 Materials and electrochemical characterizations  
SEM (Leo 1550), TEM (Joel 1000) and AFM (Veeco Dimension Edge) were used 
to image the morphology of rG/SP. Optical images of the interdigital patterns were taken 
from LEICA DC 3000 microscope. Raman and FTIR spectra were obtained from LabRAM 
ARAMIS, HORIBA JOBIN YVON with 532 nm laser and Nicolet, Magna IR 560, 
respectively. XPS was conducted using Thermo K-Alpha XPS. Thermogravimetric 
analysis (TGA) was carried out on TGA-2050 analyzer (TA Instruments Co). Conductivity 
measurement was performed using Lucas Labs S302 four probe system. Cyclic 
voltammetry (CV), charging/discharging (CD), and electrochemical impedance 
spectroscopy (EIS) were measured on a Versastat 2-channel system (Princeton Applied 
Research). CV tests were conducted at scan rates from 2mV/s to 5000mV/s and EIS was 
examined at a frequency range from 100 kHz to 10 mHz.  







where v is the scan rate, V is the voltage range, and I is the current. The specific areal 
capacitance (Carea) and volumetric stack capacitance (Cvolume) were calculated based on  











where A is the entire surface area of the device including the area of the microelectrodes 
and the gap between them, and V is the volume of the device considering the thickness of 
microelectrodes and current collectors. The energy and power densities were calculated 
according to Equation (4) and (7), where Cvolume was used instead Ccell.  
4.3 Results and Discussion 
4.3.1 Deposition and patterning of microelectrodes  
Figure 4.1 illustrates the fabrication process of micro-supercapacitors on a flexible 
Kapton substrate.  Due to the hydrophilic nature of the sulfonated polymer, highly 
conductive rG/SP composite can be directly spin-coated on the UV-Ozone treated substrate 
to form uniform thin film electrodes. This process does not require further reduction or 
heat treatment, being low-temperature processable. Furthermore, the use of water to 
disperse electrode materials is more environmentally friendly than volatile organic 
solvents. For the interdigital patterns, a gold current collector was deposited on top of 
rG/SP electrode materials via a specifically designed stencil. The use of a stencil as a 
shadow mask eliminates the need for the expensive photolithographic operation and avoids 
the contamination of the electrodes materials in a developer solution during the lift-off 
process. Finally, the remaining rG/SP thin films at the gaps between gold current collectors 
were removed by oxygen plasma etching to generate high resolution interdigitated patterns.  
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The optical and digital images of the patterns with clear edges are shown in Figure 
4.2. The conformal and thin layer coating ensures the effective plasma etching and 
electrical interconnect with the gold interdigits.  The thickness of the electrodes can be 
easily tuned by changing solution concentrations and spin coating speeds. A four-probe 
test reveals the rG/SP film had a high electrical conductivity of 1100 S/m, which is 
comparable to reported graphene materials for MSCs [213, 199]. A solution containing 10 
wt% of sulfuric acid and polyvinyl alcohol (H2SO4/PVA) was used as gel electrolyte by 
drop casting onto the entire device area. Taking advantages of the 2D porous structures of 
graphene electrodes, electrolyte ions can easily diffuse into graphene layers and wet the 
electrodes through the capillary force. After the solvent was evaporated, the electrolyte was 
solidified and formed into a gel. Notably, the use of all-solid state gel electrolyte reduces 
the overall packaging size of the  in-plane MSC architecture, and enables direct integration 
into flexible electronic devices, which has superior strengths over liquid electrolytes for 
manufacturing. 
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Figure 4.1 Schematic illustration of the fabrication processes of rG/SP micro-
supercapacitor. The fabrication procedure includes (a) UV-ozone surface treatment of 
flexible Kapton substrate, (b) spin coating of rG/SP suspension to form thin film on 
substrate, (c-d) shadow masking and electron-beam evaporation to deposit gold-current 
collectors; (e) plasma etching, and (f) drop casting of PVA/H2SO4 gel electrolyte.  
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Figure 4.2 (a-b) Optical images of the interdigital patterns; (c) digital image of the back 
side (left) and front side (right) of the as-fabricated rG/SP-MSC. 
4.3.2 Material properties  
The morphology of the rG/SP microelectrode materials was characterized by SEM, 
TEM and AFM. As shown in Figure 4.3a, the cross-section image clearly reveals the 
uniform deposition of rG/SP thin film electrodes with highly porous structure at edges 
(magnified view in inset). The intercalation of SPANI can tune the curvature of rGO sheets 
and increase the degree of porosity.  The average thickness of the microelectrodes 
(including gold current collector) is (2±0.5) µm, estimated from the cross-sectional SEM 
image. Under TEM (Figure 4.3b), the darker area covering the entire sample area can be 
clearly visualized, which is attributed to the intercalation of SPANI nanostructure between 
graphene sheets. The relatively low contrast image implies small thickness and efficient 
exfoliation of graphene structure upon modification.  
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Figure 4.3 (a) Cross-section SEM images of the deposited rG/SP microelectrodes on 
Kapton susbstrate with a magnified image in the inset; (b) TEM image of the rG/SP 
composite; (c-d) AFM images of the rG/SP composite and the height profile of an 
individual rG/SP flake. 
Surface texture of the rG/SP is investigated by AFM (Figure 4.3c), which exhibited 
individual and stacked layers of graphene sheets with sharp edges. The SPANI 
nanostructures was found to be uniformly distributed on graphene layers and no phase 
separation was observed. The stabilizing effect of the strong π-π interaction between 
SPANI and graphene mainly accounts for the homogeneous distribution of polymer 
intercalated within graphitic layers. A typical single rG/SP flake was shown in Figure 4.3d. 
From the corresponding height profiles, the SPANI coated graphene had an average 
thickness of 2.36 nm, which had a two-fold increase compared to that of GO flake. The 
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increased thickness of the rG/SP sheets is mainly due to the incorporation of SPANI 
polymer structures, which serves to expand the graphene interlayer spacing between 
graphene sheets and provide more surface area to facilitate ion diffusion and storage.  
Figure 4.4a shows the thermal profiles of GO, rGO and rG/SP in N2 at a heating 
rate of 10°C/min. The weight derivative values as a function of temperature was also 
obtained (Figure 4.4b) to display the transition temperatures. It can be seen that GO was 
thermally unstable and a significant weight loss was observed at 200°C due to the release 
of liable oxygen-containing functional groups [214, 215]. For a pure SPANI, the initial 
structural deposition occurred at ~ 180°C. In comparison, the rG/SP composite showed 
higher thermal stability with only 10% weight loss at temperatures between 230°C and 
350°C, which corresponds to typical decomposition of the SPANI polymer chains. The 
higher degradation onset temperature indicates the improved structural stability of the 
SPANI when intercalated into the graphene network. For the graphene-based materials, the 
gradual weight loss above 600°C is attributed to the decomposition of graphene structure.  
 
Figure 4.4 (a) TGA and (b) derivative weight curves of GO, rGO, SPANI, and rG/SP in 
N2 at a heating rate of 10°C/min. 
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Figure 4.5a shows the Raman spectrum of GO, rGO and rG/SP. It can be seen that 
all these materials exhibited a prominent D peak at 1350 and G peak at 1590 cm-1 [216, 
70]. The intensity ratio, ID/IG, is commonly used to evaluate the level of disorder in 
graphene materials. The small difference in ID/IG ratio between rG/SP and rGO indicates 
that the incorporation of SPANI structure through non-covalent functionalization triggers 
a negligible structural change to graphene [217, 153]. FTIR spectra are presented in Figure 
4.5b to illustrate the chemical bonding. After the hydrazine reduction and SPANI 
functionalization, the peak for carbonyl groups diminished and three distinctive peaks 
appeared. The sharp C-N stretching band at 1300cm-1, the benzoid and quinoid ring 
vibrations at 1465 and 1564 cm-1 confirms the presence of polyaniline in the composite 
[74]. 
 
Figure 4.5 (a) Raman spectra and (b) FTIR spectra of GO, rGO, and rG/SP. 
XPS was used to further characterize chemical structure and composition of rG/SP 
composite. From a survey spectrum (Figure 4.6a), the nitrogen content was determined to 
be 5.37%, which gives an estimated ~42% mass loadings of SPANI nanostructure in the 
overall composite. In Figure 4.6b, peak deconvolution of C1s spectrum shows a dominant 
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peak at 284.5 eV (C-C), with three oxygen and nitrogen containing functional groups at 
higher binding energies. The N 1s spectrum (Figure 4.6c) was also deconvoluted to 
illustrate the oxidation states of the doped polyaniline, with 69.4%  benzoid amine (-NH-) 
at 399.7 eV, 20.5% quinioid amine (=N-) at 398.5 eV and 10.1% cationic radicals (=N+H- 
) at 401.1 eV. Considerable amount of the quinoid amine structure enhances the electrical 
conductivity of the conductive polymer. In addition, the electroactive N cations, stabilized 
by the negatively charged graphene scaffold, can serve to create more efficient electron 
transfer pathways between graphene sheets. The small amount of S2p peak, with an atomic 
percentage of 1.79%, confirms the sulfonation of emeraldine salts. The elemental analysis 
provided a quantitative degree of sulfonation with a sulfonated group per three monomer 
units. As shown in Figure 4.6d, the S2p spectra can be split into two spin-orbit components, 
S2p3/2 and S2p1/2, at binding energies of 167.8 and 168.8 eV respectively, which can be 
assigned to sulfur elements in sulfonate groups [218]. 
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Figure 4.6 XPS (a) survey, high resolution (b) C1s, (c) N1s, and (d) S2p spectra of rG/SP.  
4.3.3 Electrochemical properties  
To optimize the compositions of rG/SP structures for best capacitive properties, the 
loadings of SPANI was tuned by varying the precursor ratios between SPANI and GO. The 
specific capacitance of different rG/SP thin film electrodes in 1 M H2SO4 electrolyte is 
shown in Figure 4.7. The maximum capacitance of 262 F/g was achieved at scan rate of 2 
mV/s when the initial SPANI to GO ratio was 2:1. At this optimized precursor ratio, SPANI 
nanostructure intercalated within rGO sheets not only enhanced the interlayer spacing to 
accommodate charges, but also provided multiple charge transfer pathways between 
graphene layers to maximize the capacitance. Additional loadings of SPANI may cause 
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agglomeration of the conductive polymer, thus reducing ion accessible surface area of the 
active materials and impairing charge transfer process at the graphene/SPANI interface.  
 
Figure 4.7 Specific capacitance of the rG/SP structures made from different precursor 
ratios in 1 M H2SO4 electrolyte. 
The rG/SP electrode was also tested in 6 M KOH electrolyte for electrochemical 
study. As shown in Figure 4.8, the redox peaks associated with the N-containing 
functionalities become less obvious compared with that in acidic medium. In addition, the 
maximum specific capacitance was 228 F/g at 2mV/s, lower than the value in H2SO4 
electrolyte. The phenomenon can be explained as the SPANI changes from doped 
emeraldine salts to undoped emeraldine base form in basic electrolyte, and the 
deprotonation process traps the free charge carrier for energy storage [219]. 
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Figure 4.8 CV curves of rGO/SP thin film electrodes (optimize ratio) in (a) 1 M H2SO4 
and (b) 6 M KOH electrolytes. 
 
Figure 4.9 CV profiles of rG/SP-MSC at scan rates of (a) 10 - 400 mV/s and (b) 1, 2, 5 
V/s in PVA/ H2SO4 gelled electrolyte. 
The electrochemical performance of the rG/SP-MSC devices using 10 wt% 
H2SO4/PVA as gel electrolyte was evaluated by cyclic voltammetry.  Figure 4.9 (a-b) show 
the CV curves with scan rates ranging from 10 to 5000 mV/s. The near rectangular CV 
curves at different rates imply the EDLC characteristics of the active electrodes. 
Pseudocapacitive behavior also contributes to the specific capacitance due to the presence 
of conductive SPANI, which is manifested by a pair of redox peaks at ~0.35V (cathodic) 
and ~ 0.18V (anodic) in a CV profile. The transformation between emeraldine to 
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pernigraniline forms of SPANI upon anionic doping/dedoping accounts for the major  
pseudocapacitive charge transfer in the acidic electrolyte [162]. The reversible Faradaic 
reactions of SPANI in acidic electrolyte is illustrated in Figure 4.10. The SPANI 
nanostructure between graphene sheets can provide additional charge transfer pathways 
and improve the overall conductivity of the thin film electrodes. Moreover, the existence 
of hydrophilic sulfonated groups also improves electrolyte wetting of the bulk materials. 
Compared to the traditional supercapacitors in a sandwiched structure, the interdigitated 
MSC has shorter ionic transport distance between electrodes, thus having the capability to 
operate at faster charge/discharge rates for instant power delivery.  
 
Figure 4.10 Faradaic reactions of SPANI in sulfuric acid electrolyte. 
 
  121 
 
Figure 4.11 Plot of areal capacitance calculated from CV curves at different scan rates. 
For in-plane MSCs, the areal and volumetric capacitance values are more 
frequently used than a gravimetric capacitance to assess its performance. The scan rate 
dependent areal capacitance is shown in Figure 4.11. It can be seen that the rG/SP-MSC 
exhibited an ultrahigh areal capacitance of 3.31 mF/cm2 at 10mV/s. Upon increasing the 
scan rates, the capacitance values only slightly decreased to 3.13 mF/cm2 at 50 mV/s, 2.78 
mF/cm2 at 200 mV/s, and 2.03 mF/cm2 at high scan rates of 2 V/s. The areal capacitance 
of 2.18 F/cm2 at a scan rate of 1000 mV/s is greater than the previously reported values at 
same scan rates, such as 1.7 mF/cm2 for onion like carbon, 1.6 mF/cm2 for laser scribed 
graphene, and 0.87mF/cm2 for Cu-templated graphene aerogel [100, 149, 128]. 
Considering the small thickness of the deposited rG/SP microelectrodes, the rG/SP MSC 
in this study presented ultrahigh volumetric capacitance values of 16.55 F/cm3 and 10.90 
F/cm3 at 10mV/s and 1000mV/s respectively.  The large areal and volumetric capacitance 
values implies the superior charge storage capability of the composite materials and the 
structural integrity of the fabricated devices. The rG/SP MSC was also tested in a 1M 
  122 
H2SO4 aqueous electrolyte to verify the similar functionality of the device as in a gelled 
electrolyte (Figure 4.12). 
 
Figure 4.12 (a-b) CV curves of the rG/SP-MSC tested at 1M H2SO4 electrolyte and (c) 
specific areal capacitance values at scan rates from 10mV/s to 5V/s. 
Figure 4.13a shows the galvanostatic charge/discharge curves at different current 
densities.  The linear lines and symmetric triangles of the curves reflect the reversible EDL 
capacitance characteristics of the rG/SP electrodes. The relative low voltage drops at the 
start of discharging process indicates a small internal resistance of the electrode/electrolyte 
system. PANI based supercapacitor electrodes often shows rapid capacitance degradation 
duinrg cycling due to structural instability. For the rG/SP structure, the superior mechanical 
strength and flexibility of graphene network serve as a robust template to anchor 
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conductive polymers and tolerate their structural changes. Cycling stability of the rG/SP-
MSC electrodes were tested in same electrolyte at 2 mA/cm2. Figure 4.13b shows that more 
than 85.4% of the capacitance was retained after 10,000 cycles, which demonstrated 
improved cycling performance compared with other graphene/PANI composite materials. 
[129, 220, 221] 
 
Figure 4.13 (a) Galvanostatic charge/discharge curves at current densities from 
0.25mA/cm2 to 2mA/cm2; (b) capacitance retention for 10k charge/discharge cycles. 
Electrochemical impedance spectroscopy was used to study the internal resistance 
and charge transfer behavior of rG/SP-MSC in a frequency range from 100,000 Hz to 0.01 
Hz. According to the Nyquist plot in Figure 4.14a, the series resistance obtained from the 
intercept on a real axis is 14.17 Ω, which was smaller than rGO-based MSC reported in 
literature.[200, 128, 108] This low ESR implies the high conductivity of the composite and 
excellent electrical contact at the electrode/current collector interface. At the mid-to-low 
frequency region of the plot, the near vertical line with regards to the Z’ axis corresponds 
to an almost ideal capacitive behavior of the device. At a high frequency range (inset Figure 
4.14a), the lacking of semicircular shape for rG/SP-MSC verifies the short ionic diffusion 
pathway in the interdigital structure [222]. The efficient charge transfer process is also 
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attributed to the intercalation of conductive SPANI nanostructures between graphene 
sheets. The frequency response of the rG/SP-MSC is illustrated in Figure 4.14b. According 
to the Bode phase plot, the characteristic frequency 𝑓0 at phase angle of -45° was found to 




which indicates that MSC device can be fully discharged to deliver power within an 
ultrashort period. 
 
Figure 4.14 (a) Nyquist plots of the electrochemical impedance behavior with a 
magnification of high frequency region in the inset; (b) bode phase plot as a function of 
frequency for the rG/SP-MSC. The f0 represents the frequency at phase angle of -45°. 
Figure 4.15 shows the Ragone plot comparing the energy and power densities of 
various energy storage devices for microelectronic applications, including commercial 
lithium thin-film batteries (4 V/500 mAh), electrolytic capacitor (63V/220µF), and other 
types of micro-supercapacitors [213, 100, 200]. Remarkably, the rG/SP-MSC in this study 
delivered a maximum volumetric energy density of 1.51 mWh/cm3, which is 20 times 
higher than that of electrolytic capacitors and 5 times higher than that of conventional 
supercapacitors (3.5V/25mF). In addition, rG/SP-MSC showed  superior energy density in 
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comparison with other MSC devices fabricated via laser scribing (LSG-MSC, 
PVA/H2SO4) and electrospray deposition (rGO-CNT, 3M KCl) [199, 149]. Moreover, 
rG/SP micro-device also exhibited a considerably higher power density (3 orders of 
magnitude) than that of lithium-ion batteries. With extraordinary energy and power 
densities, MSC devices have become promising energy storage solutions for miniaturized 
consumer electronic devices.  
 
Figure 4.15 Ragone plots of the rG/SP-MSC compared with other energy storage 
systems, including commercially available lithium-ion batteries, electrolytic capacitors, 
conventional ultracapacitors, and micro-supercapacitor devices based on CNT-rGO and 
laser scribed graphene. 
4.3.4 Flexible and foldable energy storage devices  
For flexible energy storage device applications, the performance of rG/SP-MSC 
under mechanical strains was presented. The selected Kapton substrate was specifically 
designed for flexible printed circuits with strong adhesion and high resilience. Figure 4.16a 
shows the CV curves of our MSC device examined at different bending angles at 50mV/s. 
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The device showed a remarkably high electrochemical stability with 98.5% and 98.3% of 
the capacitance retention at 60° and 180° bending angles, respectively.  A photograph of 
the rG/SP- MSC device under bending is shown in Figure 4.16b (inset). The mechanical 
durability of the devices was also studied under bending and twisting at 90° for 2000 
cycles. In Figure 4.16b, it can be seen that 96.5% of the initial capacitance was retained 
after 2000 bending and twisting cycles. The strong physical adhesion of the 
microelectrodes to the flexible substrate and the robust SPANI-intercalated graphene 
network both serve to ensure the high electrochemical performance of the device upon 
mechanical deformations.  
 
Figure 4.16 (a) CV performance of the device with different bending angles tested at 
50mV/s; (b) capacitance retention of the devices under 2000 cycles of bending and 
twisting tests (a photograph rG/SP-MSC at bent condition shown in inset). 
The development of flexible energy storage devices can be extended to make 
deformable and foldable components at systematic level. Inspired by the paper origami 
(Miura folding) technique, a foldable MSC prototype was fabricated as a proof-of-concept 
[223]. Conventionally, Miura-origami patterns were used to design telescope lenses, solar 
cell arrays, surgical devices, and other functional structures [224-227]. Using Miura 
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folding, a flat surface can be made into various deformable three-dimensional structures 
by folding along the designed creases [228].  The MSC units can be attached onto the 
smaller-area parallelograms and electrically connected for operation. The art of Miura 
folding can enable the MSC devices with increasing areal energy density under folding 
conditions.   
 
Figure 4.17 Schematic illustration of a 3×3 foldable MSC arrays designed by Miura 
folding (electrical connection is omitted here for clarity).  
The schematic illustration of a foldable MSC array design (3 by 3) is shown in 
Figure 4.17. In the Miura folding pattern, identical trapezoids were connected by creases 
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and became compressible under the folding. The foldable MSC arrays were constructed by 
placing single MSC device on a flat paper surface comprised of Miura folds, and connected 
in series/parallel combinations. It was noted that MSC patterns were placed in the diagonal 
direction on one side (front side) with the other patterns on the other side (back side) to 
avoid the direct contact of adjacent MSC units upon folding. Individual MSC unit was 
electrically connected by flexible silver paste.  
Figure 9 shows the charge/discharge profiles of a 3×2 and 3×3 tandem MSC arrays 
with 3 in series and 3 in parallel configurations by Miura folding. The near triangular curves 
indicated that the excellent capacitive properties were maintained as in single MSC unit. In 
addition, the series connection tripled the operation voltage up to 2.4 V while the parallel 
connection tripled the discharge time. More importantly, the foldable design allowed a 
dramatic increase in specific areal capacitance. For single MSC unit based on C/G 
microelectrodes, the areal capacitance calculated from charge/discharge curves was 2.17 
mF/cm2 at 0.25 mA/cm2 and 1.69 mF/cm2 at 1 mA/cm2.  The areal capacitance of MSC 
arrays with 3×2 and 3×3 Miura folds was 9.33 mF/cm2 and 13.24 mF/cm2 respectively at 
same scan rate, which increased by a factor of 4.3 and 6.1 compared with the MSC units 
built in a flat substrate. Moreover, the foldable MSC arrays delivered much higher energy 
density with tunable control on charging/discharging rates.  The foldable MSC arrays (3×3) 
delivered a high energy density of 8.3 µWh/cm2 at a power density of 22.1 mW/cm2.   
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Figure 4.18 Charge/discharge curves for MSC arrays constructed by (a) 3×2 and (b) 3×3 
Miura folding pattern connected in a combination of in series and in parallel 
configurations.  
4.4 Conclusions 
In summary, flexible solid-state MSCS have been successfully fabricated based on 
highly conductive and aqueous dispersible rG/SP and C/G as microelectrode materials. The 
newly developed fabrication processes included the utilization of a microstencil for 
interdigital patterning, which obviates the need for complicated photolithography and 
presents great prospect for large-scale fabrication. The as-fabricated micro-device has 
shown a maximum electrical conductivity and ultrahigh volumetric capacitance of 16.55 
F/cm3. Remarkably, the excellent structural and electrochemical integrity under 
mechanical deformations brings the micro-devices more promising for wearable electronic 
applications. Moreover, the concept of Miura folding has be used to make foldable MSC 
arrays. The preliminary results indicated that the foldable MSC arrays have delivered 
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higher areal capacitance and energy density with tunable operation voltage and 
charging/discharging rates. For further improvement of the foldable structure, 
optimizations should be made on electrode and interconnection materials to enhance the 
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CHAPTER 5. EFFECT OF POLYMER BINDERS ON 
GRAPHENE-BASED FREE-STANDING ELECTRODES 
5.1 Introduction 
Carbon nanomaterials, such as activated carbon (AC), carbon nanotube (CNTs), 
and graphene, have been applied as electrode materials for EDLCs to accommodate large 
ion adsorption on electrode surface [229]. To fabricate high density thin film electrodes, 
carbon particles or graphene sheets have to be bridged together by polymer binders to form 
compact and mechanically stable films. In addition, binders must be inert to electrolytes, 
be electrochemically stable over wide potential window, and must not impose any 
degradations to internal structures of electrodes [230]. Generally, polymer binders are 
electrically insulating and their concentrations are kept at around 5~10 wt%. Excessive 
amount of binder added can increase the internal resistance and block the open pores of the 
electrodes for ionic transport, thus lowering down the electrochemical performance of the 
device [231, 232].   
Several quality metrics have been considered for the selection of appropriate 
binders, such as adhesion strength, hydrophilicity, toxicity, mechanical flexibility and 
electrical conductivity. Polytetrafluoroethylene (PTFE) and polyvinylidene fluoride 
(PVDF) are two commonly used inert binders. PTFE has a high operating temperature up 
to 270 °C, while PVDF can provide strong adhesion to metal current collectors with 
improved chemical and mechanical stability in carbon pastes [230, 233]. However, 
problems remain for PVDF including their electrically insulating nature and the necessity 
to use the toxic organic solvent, N-methyl-2-pyrrolidone (NMP). Therefore, it is of great 
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advantage to introduce some water-soluble, conductive and environmentally friendly 
binder for electrode fabrication. Recently, several aqueous dispersible binders have been 
developed, such as polyvinyl alcohol (PVA), poly (3,4-ethylenedioxythiophene) 
(PEDOT:PSS), and carboxymethyl cellulose (CMC) [234-237]. Particularly, an 
elastomeric binder can be made by mixing the stiff CMC with a styrene butadiene rubber 
(SBR) as thickening agent [238, 239].  In CMC/SBR, the ratio of these two components 
can be tuned to make the electrodes flexible and compatible with various electrode 
processing configurations. As a conductive and water-dispersible binder, commercial 
Eletrodag binder has been formulated containing PVP (primary binder), carbon black, 
graphite and other additives (detailed compositions listed in Table 5.1) [240].  The 
introduction of conductive components in binder slurries can improve the conductivity of 
electrodes while facilitating the electrode mixing process. However, for this multi-
component binder, the amount of binder should be carefully adjusted to ensure the best 
capacitive performance.  
Table 5.1 Compositions of Electrodag binder 




wt% 60 5 5 20 10 
Previous reports on the binder study have mainly focused on the AC-based 
electrodes cast on current collectors [241-245]. Due to the unique nanostructures of 2D 
graphene sheets [246], it is necessary to select optimal binders to make large scale thin film 
graphene electrodes for supercapacitor applications. In this work, chemically reduced 
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graphene oxide (rGO) was used as a benchmark material. Four types of binders, PTFE, 
PVDF, Electrodag and CMC/SBR (Figure 5.1), were employed to fabricate free-standing 
thin film graphene electrodes and their corresponding structural and electrochemical 
properties were discussed. Specifically, the effect of binders on surface morphology, 
crystalline structures, thermal stability, and surface energy of these graphene electrodes 
were investigated. The electrochemical behavior of the electrodes using different binders 
were also compared and analyzed in both aqueous and organic electrolytes using a 
symmetric two-electrode coin cell configuration.  
 
Figure 5.1 Chemical structures of the four types of polymer binders. 
 
5.2 Experimental 
5.2.1 Reagents  
PTFE condensed liquid binder (PTFE solid content: 60%), PVDF powder, CMC 
powder, and SBR glue (solidity: 50%) were purchased from MTI Inc. Electrodag EB-012 
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binder was obtained from Ladd Research Industries Inc. The KOH pellets, 
tetraethylammonium tetrafluoroborate (TEABF4), N-Methyl-2-pyrrolidone (NMP), and 
acetonitrile (AN) were purchased from Sigma Aldrich and used without further treatment. 
The salt and solvent for organic electrolyte (TEABF4 and AN) were stored and processed 
in a glovebox. 
5.2.2 Electrode preparation  
To prepare the rGO powders, graphene oxide (GO) was first made by modified 
Hummers’ method, followed by the chemical reduction of GO using hydrazine. Typically, 
100 mg of GO was dispersed in 100 mL water and ultrasonicated for 1 h. The 1 mL of 
hydrazine monohydrate was added into solution. The solution was stirred at 90ºC for 24 h 
and purified by filtration. The collected powder was dried in oven at 75ºC overnight before 
use. The synthesized rGO powders had a bulk conductivity around 250 S/m with a few 
layers of stacking, and the specific surface area was determined to be 170 m2/g based on 
BET measurements.   
For the binder preparation, a 5 wt% PVDF solution was made by dissolving PVDF 
power into NMP. For CMC/SBR binder, the weight ratio of CMC: SBR was kept at 1:2 to 
ensure high binding efficiency and sufficient elasticity. Generally, CMC/SBR mixture 
were diluted in DI water to make 1.5 wt% aqueous solution.  PTFE and Electrodag binder 
solutions were used without additional treatment. To prepare rGO films, rGO powders 
were mixed with different binders at 9:1 ratio with respect to the solid content of binders 
except Electrodag binder. The rGO/binder mixture was thoroughly blended until a uniform 
paste was formed (Figure 5.2).For Electrodag binder, different rGO to binder ratios were 
  135 
studied: the best electrochemical performance was achieved for rGO films containing 25 
wt% of solid binder content (3.1 wt% PVP).  After homogeneous mixing, rGO pastes were 
sandwiched between two parallel plates and rolled through a rolling machine to make free-
standing electrodes with an average thickness of 80 µm. After drying in a vacuum oven, 
thin film electrodes were punched into a round disk (6 mm in diameter, (2 ± 0.2) mg in 
mass) before assembled into coin cell for electrochemical testing. 
 
Figure 5.2 A photo image of the CMS/SBR-rGO slurry during electrode preparation.  
5.2.3 Materials and electrochemical characterization 
Surface morphology of the samples was studied using a Hitachi SU8010 field-
emission SEM. XRD patterns were acquired from Panalytical X’Pert PRO Alpha-1 system 
using Cu Kα radiation (1.5418 Å). FTIR spectra were obtained from a Nicolet Magna IR 
560 spectrometer. TGA was conducted with a TGA system (Q5000, TA Instrument) in air 
at a heating rate of 10°C/min. Contact angle measurements were carried out on a Rame-
Hart goniometer. Electrochemical characterizations including cyclic voltammetry (CV), 
galvanostatic charge/discharge (CD), and electrochemical impedance spectroscopy (EIS) 
were performed on a 2-channel system (Princeton Applied Research) using symmetric two-
electrode coin cells in both aqueous (2 M KOH) and organic (1 M TEABF4/AN) 
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electrolytes. The coin cell consists of two pairs of symmetric current collectors and 
electrode films in sandwich structures with glass microfibers in between as separators. 
Electrolyte solutions were degassed by sonication for several times under vacuum to 
remove dissolved oxygen before use. The specific capacitance was calculated from CV 
curves using Equation (6). All the capacitance was normalized based on the content of 






where f is the frequency, and Z’’ is the imaginary part of the impedance.  
5.3 Results and Discussion 
5.3.1 Structural properties of the electrodes  
The morphology of rGO films using different binders were visualized by SEM 
images. In Figure 5.3, all the four binders exhibited similar structural forms as thin fibrils. 
The binder fibrils spread out among graphene sheets and adhered over their edges and 
planes. The free-standing films with structural integrity demonstrate the excellent binding 
efficiency for all the binders, especially the Electrodag binder containing a smaller fraction 
of PVP.  
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Figure 5.3 SEM images of the rGO electrodes with (a) PTFE, (b) PVDF, (c) Electrodag, 
and (d) CMC/SBR binders. 
The mechanical flexibility of the electrodes was tested by rolling the films (18×18 
cm2) around a cylinder (12.9 mm in diameter) for 100 cycles (Figure 5.4).  To demonstrate 
the mechanical robustness, surface morphology of different rGO films were taken after 
bending tests. As shown in Figure 5.5, binder fibrils still stuck to the surface and connected 
between graphene sheets without any obvious change of morphology, indicating the 
flexibility of the fabricated graphene films.      
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Figure 5.4 Image showing the bending of rGO films by rolling around a cylinder. 
 
Figure 5.5 SEM images of the rGO electrodes with (a) PTFE, (b) PVDF, (c) Electrodag, 
and (d) CMC/SBR binders after bending tests. 
The crystalline structures of the binders and as-formulated rGO films were studied 
by XRD (Figure 5.6). Both PTFE and PVDF are semi-crystalline polymers: the sharp peak 
at 18.6° corresponds to the crystalline domain of PTFE, and two sharp peaks at 18.6° and 
20.1° reflect the crystalline regions of PVDF. For the corresponding rGO films, broad 
peaks appeared at around 2θ = 25°, which represent the stacked rGO structures [71]. The 
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characteristic binder peaks were also observed in rGO films with relatively low intensities, 
indicating that the binders remained some crystalline forms in the films. It has been 
reported that PVDF and PTFE polymer chains can be densely packed in crystal domains 
and form bundled or long-range ordered structures, which reduce the chances of physical 
binding to electrode materials [247]. In contrast to the fluoropolymers, PVP and CMC/SBR 
only exhibited broad peaks in XRD, implying highly amorphous nature of these binders. 
Crystalline peaks were not observed in rGO films with Electrodag and CMC/SBR. In 
particular, PVP and CMC/SBR tend to have stronger affinity to rGO materials due to the 
enhanced interactions between the reactive carbonyl and carboxylate groups in binders and 
the residue oxygen-containing functional groups in rGO. Moreover, the amorphous PVP 
and SBR structures with flexible polymer chains can provide flexibility to the overall 
electrodes, which are important for the development of flexible energy storage materials. 
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Figure 5.6 XRD patterns of (a) PTFE, (b) PVDF, (c) Electrodag, and (d) CMC/SBR 
binders and their corresponding rGO films. 
Figure 5.7 shows the TGA curves of the binders (solid content) in air. It can be seen 
that fluorinated polymers are more thermally stable. The dramatic weight loss occurred at 
425°C and 500°C for PVDF and PTFE, respectively. The 5% weight loss for PTFE at 
200~300°C might come from the non-ionic surfactants that is included in the PTFE binder 
solution. The aqueous dispersible Electrodag and CMC/SBR binders are more susceptible 
to moisture absorption, which explains the weight loss up to 5% below 150°C. For 
Electrodag binder, the weight loss between 250~400°C is attributed to the degradation of 
PVP and other additives. For CMC/SBR binder, a multiple-step weight loss profile was 
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observed. The TGA curves of PVP powder, CMC powder, and dried SBR glues are shown 
in Figure 5.7b as reference.  
 
Figure 5.7  TGA curves of (a) four binders and (b) CMC, SBR and PVP in air at a 
heating rate of 10°C/min. 
Among the four rGO electrodes, PTFE/rGO showed the highest thermal stability 
with its thermal profile similar to that of rGO powders, as shown in Figure 5.8.  The onset 
temperature at around 475°C corresponds to the initial decomposition of graphene network. 
The Electrodag bonded rGO had ~ 4% weight loss at 280~360°C, which reflects the 
degradation of PVP components. The presence of carbon black and graphite in Electrodag 
binder renders it higher stability than CMC/SBR bonded rGO. The 10% weight loss 
difference between rGO and CMC/SBR/rGO from 350 to 450°C results from the 
decomposition of elastomeric binders.  
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Figure 5.8 TGA curves of rGO films in air at a heating rate of 10°C/min.  
Surface hydrophilicity of the electrodes were investigated by contact angle 
measurements. Figure 5.9 shows the contact angles of water droplet on four rGO electrodes 
with different binders. The average contact angles were determined to be PVDF (113.0°) 
> PTFE (110.2°) > Eletrodag (101.5°) > CMC/SBR (85.8°). The presence of substituted 
carboxylate anions, together with the water dispersible SBR glues, contributes to the high 
hydrophilicity of CMC/SBR-rGO films. As the active binding component in Electrodag, 
the small portion of PVP in Electrodag, as a water-soluble polymer binder, also serves to 
improve surface wetting. As expected, the low surface energy of the fluoropolymers makes 
PTFE and PVDF bonded rGO hydrophobic. Generally, the more hydrophilic are the rGO 
electrodes, the better wettability they can be achieved in an aqueous electrolyte.   
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Figure 5.9 Contact angles of rGO films with four binders by water droplet. 
5.3.2 Electrochemical analysis of the electrodes  
The electrochemical properties of free-standing rGO electrodes with four different 
binders were studied in 2 M KOH and 1 M TEABF4/AN electrolytes. Figure 5.10 show the 
CV curves of PTFE, PVDF, Electrodag, and CMC/SBR bonded rGO electrodes at scan 
rates from 10 to 200 mV/s. In KOH electrolyte, all electrodes displayed near rectangular 
profiles from 0-0.8 V, indicating the characteristics of EDL capacitance. As shown in 
Figure 5.11, rGO electrodes with PTFE and PVDF binders had specific capacitance values 
of 90 F/g and 80 F/g at 10 mV/s, respectively. The PTFE/rGO showed good capacitance 
retention as the increase of scan rates; while PVDF/rGO showed more tilted CV curves 
and a larger decay of capacitance as the scan rates increased. The PVDF binder, with strong 
hydrophobic nature, might have poor compatibility in the aqueous electrolyte because of 
the obstructed ionic diffusion.  
  144 
 
Figure 5.10 CV curves of (a) PTFE/rGO, (b) PVDF/rGO, (c) Electrodag/rGO, and (d) 
CMC/SBR-rGO in 2 M KOH electrolyte.  
 
 
Figure 5.11 Specific capacitance of rGO electrodes vs scan rates in 2 M KOH electrolyte.  
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For rGO bonded with Electrodag binder, a maximum capacitance of 103 F/g was 
achieved at 10 mV/s, which is 28.7% and 14.4% improvements compared to PVDF and 
PTFE binders. Even with the increasing scan rate, the capacitance remained as high as 90 
F/g and 80 F/g at 50 and 200 mV/s respectively. The excellent rate performance can be 
attributed to the highly conductive components in the binder, which induces faster charge 
transfer within the electrode. The Electrodag binder contains 30 wt% of graphite and only 
5 wt% of PVP. Therefore, the addition of too much binder would significantly decrease the 
overall capacitance due to the large quantity of graphite; while insufficient amount of 
binder would result in a lower adhesion strength, making it difficult to form free-standing 
electrode films. When rGO to binder (solid content) ratio was 2:1, the specific capacitance 
decreased to 75.4 F/g at 10 mV/s (Figure 5.12); while the rGO powders could not be bound 
together to form thin film electrodes at rGO/binder ratio of 4:1. The optimum rGO to binder 
ratio was found to be 3:1, which contained 3.1% of active PVP binder.  
 
Figure 5.12 Specific capacitance of rGO electrodes with 33.3% Electrodag binder (4.17% 
PVP) in KOH and TEABF4/AN electrolytes at different scan rates. 
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rGO with CMC/SBR demonstrated a specific capacitance of 95 F/g  at 10 mV/s and 
a high degree of capacitance retention with increasing  scan rates. The fabricated electrodes 
using hydrophilic CMC/SBR binder could have better surface wetting than PTFE and 
PVDF in aqueous electrolyte, thus leading to better capacitive performance. The electrical 
conductivity of the rGO films were measured and shown in Table 5.2. The addition of 
insulating binder slightly decreased the conductivity of rGO; while higher conductivity 
with Electrodag binder was achieved due to the synergistic effect of carbon additives to 
create additional electrical conduction pathways and PVP binder to increase the contact 
area between rGO flakes.  The specific capacitance of pure binders were also calculated 
from CV curves (Figure 5.13) and summarized in Table 5.3. It can be seen that the 
capacitive contribution from most binders were miniscule; while the components in 
Electrodag binder can play a bigger role in enhancing the overall capacitance of graphene 
electrodes.   
Table 5.2 Electrical conductivity of four rGO films 
Electrodes PTFE/rGO PVDF/rGO Electrodag/rGO CMC/SBR-rGO 
Conductivity 
(S/m) 
196 210 285 220 
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Figure 5.13 CV curves of the four binders at a scan rate of 50 mV/s in KOH electrolyte. 
 
Table 5.3 Specific capacitance of four binders calculated from CV curves at 50 mV/s 
Binders PTFE PVDF Electrodag CMC/SBR 
Specific 
capacitance (F/g) 
0.037 0.020 1.400 0.057 
In organic electrolyte, the voltage window was extended to 2.7 V to achieve higher 
energy densities. However, the acquired specific capacitance decreased and the capacitance 
decay accelerated at higher scan rates as a result of larger ionic size and constrained ionic 
diffusion in TEABF4/AN electrolyte. As shown in Figure 5.14, rGO with Electrodag had a 
maximum capacitance of 86 F/g, and rGO with PTFE and PVDF binders had capacitance 
values of 82 F/g at 10 mV/s. It is noted that PVDF/rGO even exhibited higher capacitance 
in TEABF4/AN, which can be explained by the improved wetting of the electrode with 
hydrophobic PVDF binder. For CMC/SBR bonded rGO, the dramatically declined 
capacitance values with increasing scan rates correspond to the limited ionic diffusion 
process within the electrodes, which might be caused by poor electrolyte wetting. 
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Figure 5.14 Specific capacitance of rGO electrodes vs scan rates in 1 M TEABF4/AN 
electrolyte. 
The galvanostatic charge/discharge curves of different rGO electrodes at current 
density of 1 A/g are shown in Figure 5.15(a-b). The IR drop in the discharge curves 
corresponds to the internal resistance of the electrode/electrolyte system. It can be seen that 
the trend for IR drop is consistent with the capacitive properties obtained from CV curves. 
The smallest IR drop was observed for Eletrodag/rGO, and rGOs with PVDF and 
CMC/SBR binders have the largest IR drop in aqueous and organic electrolytes 
respectively. The cycling stability of the electrodes was studied by charge/discharge tests 
(Figure 5.15c-d). In KOH electrolyte, rGO with CMC/SBR binder showed the best cycling 
performance with 95.1% capacitance retention after 10,000 cycles, while the capacitance 
decreased to below 88% for PVDF-bonded rGO. The faster decay of capacitance for 
PVDF/rGO in aqueous electrolyte can be explained by the low flexibility and high 
hydrophobicity of the PVDF binder.  Whereas CMC/SBR binder combines the benefits of 
water solubility from CMC and high mechanical flexibility from SBR. In other words, the 
existence of elastomeric SBR rubbers can well accommodate the possible volume change 
of the electrode during charge/discharge cycles to provide excellent cycling stability [238]. 
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In TEABF4/AN, over 93% of initial capacitance was maintained after 5,000 cycles for all 
the electrodes. 
 
Figure 5.15 (a-b) Charge/discharge curves of the rGO electrodes at current density of 1 
A/g in (a) 2 M KOH and (b) 1 M TEABF4/AN electrolytes; cycling performance of the 
rGO electrodes in (c) 2 M KOH and (d) 1 M TEABF4/AN electrolytes. 
The resistive behavior and frequency response of the electrodes were studied by 
impedance spectroscopic techniques. Figure 5.16(a-b) show the Nyquist plots of the rGO 
electrodes in aqueous and organic electrolytes. At low frequency regions, the almost 
vertical lines suggest near ideal capacitive behavior. It was determined that the ESR was 
below 0.4 Ω for all electrodes except PVDF/rGO in KOH, indicative of the small internal 
resistance of the other three electrodes. The semicircle at the high frequency region 
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corresponds to the charge transfer process at the electrolyte/electrode interface. As shown 
in Figure 5.16a, the spectrum for PVDF/rGO displayed a larger Warburg impedance region 
as the slope of the curve changing from 45° to 90° at mid-to-low frequencies. This 
characteristic Warburg impedance implies the limited ionic diffusion and large ionic 
resistance within the electrode. In KOH electrolyte, the smallest Rct was observed for 
CMC/SBR bonded rGO, indicating that the water soluble CMC/SBR could expedite the 
penetration of ions into the porous graphene structures. In TEABF4/AN electrolyte, all 
electrodes showed similar ESR ~ 1.5 Ω. Among the four electrodes, Electrodag/rGO had 
the smallest Rct, which denotes the high ionic conductivity at the electrode/electrolyte 
interface.   
 
Figure 5.16 . Nyquist plots of the rGO electrodes with magnified view in the high 
frequency region in (a) 2 M KOH and (b) 1 M TEABF4/AN electrolytes. 
The specific capacitance variation as a function of frequency was further 
investigated. As shown in Figure 5.17(a-b), the characteristic relaxation time constant 
( 𝜏0) can be obtained from reciprocal of the frequency values when the imaginary 
capacitance (C) reached the maximum. 𝜏0 denotes the minimum time needed to discharge 
all the energy from the supercapacitors with an efficiency over 50% [100, 248]. The 𝜏0 
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values for all electrodes in both electrolytes are listed in Table 5.4. Comparing the four 
electrodes in KOH electrolyte, CMC/SBR-rGO exhibited the smallest 𝜏0 of 2 s, while the 
PVDF/rGO had the largest 𝜏0 of 7.94 s. The trend for 𝜏0 agrees well with the resistive 
properties of the electrodes, in which lower charge transfer resistance leads to faster 
charge/discharge rates. In organic electrolyte, a similar trend was observed for 𝜏0, in which 
electrodes with larger capacitance and smaller impedance presented smaller 𝜏0. In contrast 
to aqueous electrolyte, 𝜏0 values was slightly higher due to a bulkier ionic size and slower 
ionic diffusion. One exception was seen for PVDF/rGO, the hydrophobic PVDF binder 
hindered charge transport within the inner surface area of rGO in aqueous electrolyte.  
 
Figure 5.17 Imaginary part of capacitance as a function of frequency for rGO electrodes 
in (a) 2 M KOH and (b) 1 M TEABF4/AN electrolytes. 
Table 5.4 Relaxation time constant (𝜏0) of rGO electrodes with different binders 
 𝝉𝟎 𝑷𝑻𝑭𝑬 (s) 𝝉𝟎 𝑷𝑽𝑫𝑭 (s) 𝝉𝟎 𝑬𝒍𝒆𝒄𝒕𝒓𝒐𝒅𝒂𝒈 (s) 𝝉𝟎 𝑪𝑴𝑪/𝑺𝑩𝑹 (s) 
1 M KOH  3.98 7.94 2.51 2.00 
1 M TEABF4/AN 5.00 6.33 6.25 12.66 
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Figure 5.18 shows the frequency-dependent specific capacitance for all the 
electrodes. It can be seen that the capacitance first increased steeply with the decrease of 
frequency and then the increase of capacitance slowed down at lower frequency regions. 
The slow capacitance increase at low frequencies indicates the penetration of electrolyte 
ions into the inner pores of graphene electrodes [235]. For CMC/SBR-rGO, a high level of 
capacitance retention was achieved until 1 Hz in aqueous electrolyte, while dramatic 
capacitance drop occurred at below 0.1 Hz for PVDF/rGO. The results implies that 
hydrophilic CMC/SBR binder can handle high power at a wider frequency window in 
aqueous electrolyte. In organic electrolyte, a sharp decline in capacitance appeared at 
around 0.5 Hz for PTFE/rGO; whereas CMC/SBR-rGO showed almost continuous 
capacitance drop with increasing frequency.    
 
Figure 5.18 Specific capacitance as a function of frequency for rGO electrodes in (a) 2 M 
KOH and (b) 1 M TEABF4/AN electrolytes. 
5.4 Conclusions 
In this work, free-standing graphene electrodes have been fabricated using PTFE, 
PVDF, Electrodag, and CMC/SBR binders. Surface morphology study confirms that 
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graphene sheets were efficiently held together by binder fibrils. XRD patterns indicates 
that PTFE and PVDF binders had some crystalline domains in rGO films, while Electrodag 
and CMC/SBR binders are highly amorphous within rGO films. The contact angle 
measurements verify the hydrophobic nature of the fluorinated binders, whereas 
CMC/SBR binder is more hydrophilic due to the carboxylate groups. Electrochemical 
study reveals that the improved electrolyte wettability and enhanced conductivity of the 
components are two essential factors for the capacitance increase. Using the conductive 
Electrodag binder, the rGO electrode exhibited the highest capacitance with low internal 
and charge transfer resistances in both aqueous and organic electrolytes; while the rGO 
electrode fabricated by water-soluble CMC/SBR showed the fastest frequency response in 
aqueous electrolyte due to a better wetting of the electrode surface. The CMC/SBR-rGO 
also demonstrated the best cycling stability as the elastic SBR could compensate for the 
volume change during charge/discharge cycles. Moreover, the poor wettability makes the 
PVDF-rGO and CMC/SBR-rGO not compatible in aqueous and organic electrolytes 
respectively. Further studies on various porous carbon nanomaterials are necessary to 
establish more comprehensive guidelines for the binder selection. Meanwhile, it is 
important to develop new binder formulations with high adhesion strength, structural 
flexibility, and electrical conductivity to meet the requirements for high performance 
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK  
6.1 Conclusions 
In this dissertation, molecular level functionalization of graphene was achieved to 
prevent the aggregation of graphene layers after GO reduction. Upon functionalization, 
graphene-based 3D covalent organic frameworks have been established by selecting 
molecular spacers that can be covalently bonded between graphene sheets. A series of 
multifunctional molecules, such as diamines, triamines, triols, and polyanilines, have been 
employed as molecular spacers. The molecular spacers served as pillars to enlarge the 
interlayer spacing of graphene and generate more open pores to facilitate charge storage 
and transport. The functionalization process was realized via a two-step hydrothermal 
process, in which the chemical functionalization took place at the first step at moderate 
temperature, and the reduction process occurred in the second step at elevated temperature. 
Chemical analyses revealed that ring opening of epoxide groups on GO by molecular 
spacers (nucleophiles) was the main reaction for covalent grafting. Diffraction and surface 
analyses showed that interlayer distance (0.84-0.41 nm) and pore size distribution of the 
graphene network were correlated with chain length and functionalities of the spacer, 
which indicate the functionalization can be well controlled at molecular level. The 
negligible structural change before and after GO reduction demonstrated the stability of 
the 3D graphene network. In addition, the evidence of crosslinking was elucidated by the 
increase of modulus by dynamic rheological study.  
The functionalized graphene materials have been fabricated into free-standing thin 
films using polymer binders.  The effect of polymer binders on adhesion, hydrophobicity, 
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conductivity, flexibility, and toxicity of the electrodes have been studied. With improved 
chemical and structural features, the modified graphene by aliphatic amines achieved 
enhanced capacitance and excellent cycling stability in aqueous and organic electrolytes. 
Remarkably, a maximum capacitance of 119 F/g was obtained in ionic liquid electrolyte 
with ultrahigh energy density of 51 Wh/kg and slow self-discharge rate. Incorporation of 
aromatic amine structures into graphene network has led to the formation of conjugated 
graphene network with high conductivity and prominent Faradaic charge transfer 
characteristics. Phenylene diamine treated rGO electrodes delivered a high capacitance of 
422 F/g with low equivalent and charge transfer resistance. Further investigation implied 
that the crosslinked graphene structures, multiple redox transition states, and rapid charge 
transport are the critical factors that determine the electrochemical properties of the 
conjugated graphene networks. Complementary to the experimental results, computational 
modeling, including molecular dynamic and density functional theory calculations, were 
adopted to verify the interlayer spacing, molecular geometries, band gap structures, 
formation energy, electron distribution, and HOMO energy levels of the functionalized 
graphene network. The systematic study of graphene functionalization can provide a 
generalized guidance for molecular engineering of graphene networks in the future.     
The research on electrode design has also been extended to device level fabrication 
to make miniaturized, high efficient, and cost-effective micro-supercapacitors (MSCs) to 
meet the demands for small-form factor energy storage units in microelectronic field. A 
solid-state MSC has been successfully developed using highly conductive and aqueous 
dispersible graphene/sulfonated polymer composites as micro-electrodes. Well-defined 
interdigitated patterns were formed by a controlled process flow including surface 
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cleaning, thin film depositions, shadow masking, electron-beam evaporation, plasma 
etching, and electrolyte casting. The as-fabricated MSC presented a high conductivity of 
1100 S/m, an ultrahigh stacking volumetric capacitance of 16.55 F/cm3, and a superior 
energy density of 1.51mWh/cm3, which is comparable to that of thin film batteries while 
providing much higher power density. The outstanding electrochemical performance can 
be attributed to the planar interdigitated architecture to decrease charge transfer distance 
and the material optimization to enlarge charge storage capability. Individual MSC units 
have been connected in series or parallel configurations to make MSC arrays to enlarge the 
operation voltage window and control the charge/discharge rates. Moreover, the prototypes 
of flexible and foldable MSC arrays have been made using compatible substrates and Miura 
folding concept. The dramatically improved areal energy density and mechanical 
compliancy of the foldable MSC arrays show great promise for foldable and wearable 
electronics. 
6.2 Suggested Future Work 
6.2.1 Graphene network co-functionalized by organic and inorganic species for 
hybrid supercapacitors  
A high energy density supercapacitor with speedy charge/discharge rate and 
extremely long cycle life is considered as one of the critical enablers for next generation 
electric vehicle (EV) applications.  However, current supercapacitor technology cannot 
meet the energy storage requirement for EV because of limited energy density. Pure carbon 
or chemically functionalized carbon materials can only deliver specific of around 100~500 
F/g.  Metal oxides based electrodes can achieve much higher specific capacitance over 
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2000F/g, but they are struggling with poor cyclic performance by a few thousands cycles 
[249]. The current carbon and metal oxides hybrid supercapacitors also suffer from severe 
stability issue. The reason can be explained that the nanostructures of metal 
oxides/hydroxides are subject to repeated swelling and shrinkage by accessing electrolyte 
ions, which causes the physical dimension change of the intrinsic crystal structures as well 
as the interfaces between metal oxides and carbon substrates. In particular, the deteriorating 
interface abruptly degrades the electrical conductivity [250]. Therefore, novel materials 
design are imperative to combine the benefits of graphene and transition metal 
oxides/hydroxides while elongating the working lifetime of the devices.  
The proposed research includes the incorporation of both organic and inorganic 
species into graphene network. The organic spacers can be covalently crosslinked between 
graphene sheets to construct a 3D graphene architecture with large usable surface area and 
controlled surface chemistry; while nickel or cobalt based oxides/hydroxides/sulfides can 
be anchored within the interlayer space to offer high pseudocapacitance. Methods for the 
deposition of these inorganic materials include solution based crystal growth, hydrothermal 
synthesis and electrodeposition. The processing conditions at moderate temperature can 
ensure the chemical and physical stability of the functionalized graphene network. To 
further improve structural integrity and enable charge transport, a multifunctional 
molecular coupler will be used to provide chemical and electrical linkage between 
graphene and metal oxides. The chemical bonding and the charge transfer capability will 
be rationally designed and investigated. On one side, organic spacers can utilize 
coordination and electrostatic interactions to form bonds with metal oxides. On the other 
side, diazonium and azide groups can be easily grafted to graphene surface at room 
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temperature [251]. The backbone of the molecular can be decorated with conjugated 
aromatic structures, thus efficient charge transport can be realized through the overlapped 
π bonds. The molecular coupler will suppress the interface deterioration and dramatically 
enhance the cyclic performance of the inorganic nanomaterials on graphene nanosheets. 
The hybrid supercapacitors are promising to provide specific capacitance over 2000 F/g 
with extended lifetime.  
6.2.2 Further developments for micro-supercapacitors  
Despite the recent progress, research and development of MSC is still at an 
immature stage and has much room for advancement. First, current MSC devices have 
insufficient energy densities than those of electrochemical batteries, even though they 
demonstrate superior power handling capability. Since the capacitance is strongly 
dependent on microstructure of electrodes, key parameters such as surface morphology, 
pore size, and surface affinity to electrolyte ions should be continuously engineered. 
According to Equation (4), the operating voltage can increase the energy density with the 
square level. Therefore, ionic liquid based polymer electrolytes are favored to provide 
higher energy density. However, one problem of typical polymer gels (e.g. PVA) is the low 
ionic conductivity. In this regard, controlling electrolyte chemistry for better ionic 
conductivity while maintaining cycling stability at wider temperature range is highly 
necessary. Furthermore, asymmetric configuration of MSCs combines the features of 
increased capacitance and large potential window, which can boost the energy density 
without losing much power. Second, innovations in the structural design of MSCs are 
required. On one hand, by reducing the gap size between adjacent electrodes, a larger 
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number of interdigital patterns can be packed more efficiently on planar substrates with 
increasing amount of active materials and shortened ion diffusion pathways. On the other 
hand, MSC devices can be built in a 3D architecture through deposition of electrodes and 
electrolytes on 3D networks for higher energy storage per unit area [252]. The 
interpenetrated electrodes with conformal coating of thin-layer electrolytes can be loaded 
in a conductive 3D scaffold, and the 3D scaffold can either serve as current collectors or 
be part of the electrodes. Third, MSCs can be fabricated to perform energy storage as well 
as other functions in microelectronics. For example, MSC is regarded as a possible 
alternative to traditional aluminum electrolytic capacitors for alternating current (ac) line-
filtering, where large capacitance and high level of miniaturization are preferred to meet 
future demands [253]. The MSC structure may also been applied in capacitive deionization 
(CDI) as a method to remove impurities in liquid coolant for thermal management of 
integrated circuit devices. As discussed earlier, foldable MSC architectures can be 
improved via optimization of materials and structure layout.  Particularly, more 
complicated folding algorithms and mechanical analyses can be done via computational 
tools to construct more user-friendly designs at the system level for portable and wearable 
electronics devices.  Primary quality metrics should be carefully considered and 
emphasized when using MSC for specific applications. For instance, the ultrafast frequency 
response is the key to ensure operation of alternating current (ac) line-filters and radio 
frequency devices, and electrochemical stability under mechanical strains are crucial for 
flexible devices. Moreover, MSCs are promising to become an integral component in 
futuristic self-powered bio-electronic/photonic devices coupling with energy harvesting 
element [254]. In order to meet such upcoming energy demands in bio-applications, 
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biocompatible packaging scheme and materials for MSC should be intensely studied as 
well. Finally, the capability for large-scale and low cost production is a prerequisite 
towards technology commercialization, which requires further efforts on process control 
and development.   
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